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CHAPTER 1. INTRODUCTION 
1.1. History and Background 
Phenomena associated with vibrating structures has always been of 
interest in many different fields. One of those phenomena that draws a lot of 
attention is soimd radiation. Specifically, sotmd that radiates to distances far 
away from the structure, known as farfield sound radiation. Any structure that 
vibrates can generate sound, and the general relationship between the two is well 
known. When the sound generated by the vibrations intrudes into areas that are 
otherwise tranquil, systems are developed to eliminate or control the offensive 
soimd. 
Numerous methods of active and adaptive noise control can be 
investigated to manage the noise and vibration. However, for certain 
environments such as automobiles, airplanes, and submarines, there are trade­
offs that determine if control measures can be utilized. Issues such as weight, 
space, and money become motivating factors. If control methods cannot be used 
then only two options remain. First, the source of the vibration can be removed. 
This, however, is highly unlikely if, for example, the source of vibration is the 
engine of a car or the propeller of a submarine, which are necessities in those 
structm*es. The second option is to modify the vibrating structure itself. This can 
include secondary structures such as walls, floors, or reinforcements. 
Any changes made to a vibrating structxare will invariably make use of 
connectors such as bolts and screws which will create points of discontinuity in 
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the vibrating structiire. In many commercial applications the bolts and screws 
give way to welds, joints and stiffeners. The sotmd radiated from any given 
structure is significantly influenced by the discontinmties within that structure. 
There is a good deal of research aimed at modeling the effect of these 
discontinuities tmder idealized and simplified situations, especially stiffeners 
such as ribs. However, just how structurally small discontinuities caused by 
attaching elements to the base structvire, such as the welds used to attach 
stiffening ribs, effect the structural acoustics of very large vibrating bodies, such 
as airplsmes and submarines, is still an unresolved issue. These small 
discontinuities are typically modeled as either continuous material which does 
not effect the structural acoustic properties at all, or are outright neglected. 
Determining the degree to which small discontinmties can be ignored is the focus 
of this dissertation. 
Figure 1.1 shows the stiffening bulkheads in a submarine hull. Quite often 
these stiffeners have a T-shaped cross section (called T-ribs), as shown in the 
cutout of the submarine hull in the lower right hand comer of Figure 1.1. This 
research will investigate the effect of T-rib attachment methods on the structural 
acoustics of the submarine hull. The attachment area of interest is the circled 
area shown in the top right hand comer of Figure 1.1. The end goal of most 
submarine research is to reduce the farfield soimd radiation. This is usually 
accomplished by applying results from theoretical models to actual submarine 
design. Therefore, the end goal of this research is to accurately model the farfield 
sound radiation from the attachment area. 
Figure 1.1. T-rib stiffeners on a submarine hull 
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1.2. Current Research in Literature 
Literally thousands of papers have been published on beam theory and to 
review and cite all of them would be veiy time consxmiing and would distract 
from the point of this dissertation. Of the thousands of papers published, 
approximately one hundred concerned the modeling of beams with rib stiffeners 
of some kind. These were all reviewed by this author and only a sampling of those 
reviewed are cited here since many of them used very similar approaches to the 
beam and rib problem. 
Vast research has been conducted on the structural response of beams of 
constant thickness vsdth simple rib stiffeners. A sample of this tjTpe of research is 
shown in [20-25]. Most of these authors treat the attached rib as simply a 
reactive point force and a reactive point moment. The reactive point force, for 
example, is the force that the rib imparts on the beam due to the waves passing 
the rib. Several details of the rib geometry, as well as the method by which the 
rib is attached to the structure, is ignored with this assvimption. Others have 
bypassed the force and moment assumption and treated the rib as an added mass 
only [26]. Although this method does include mass information about the rib and 
attachment method as a whole, issues such as stiffness, static stress and inertia 
changes are ignored. 
There has been significantly less research conducted on beams of varying 
cross sections. Some authors have modeled beams of constant thickness, but with 
varying widths. Where thickness of the beam is defined as the vertical dimension 
in the direction of the rib, and width is the out of plane horizontal dimension. 
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[29,30] show how beam models from this viewpoint are defined. This approach 
does not allow for modeling of the geometry changes that a rib wovild produce 
since thickness changes, not width. Even fewer authors have attempted to model 
beams with changing thickness [31-33]. Both Sakata [31], and Luara and De 
Greco [32] assume a uniformly distributed force, not a point excitation force as is 
needed for this research. This assumption is critical to their solution method. Lee 
et al. [33] allows for the incliision of a point force excitation, but only allows the 
beam to linearly increase in thickness. The beams used in this research had 
thickness that both increased and decreased due to the rib and attachment. 
There has been no reported research of beam models which incorporate both 
thickness changes, and additionally, the rib effects on the beam. The two have 
been treated as wholly separate issues. The assumption that a rib and or its 
attachment represent a geometry change has been neglected. 
Regardless of how the rib is modeled, different authors have approached 
its inclusion in models from mainly two differeat viewpoints. The vast majority 
implement an Euler-Bemoialli wave-based model similar to those fotmd in [20,22-
25,31,33]. This method makes the assumption that the phase speeds of bending 
waves propagating through the beam at any given frequency do not change with 
position along the beam. Therefore, the Euler-Bemotilli model approach by 
definition cannot reproduce any experimental phase speed changes that may 
occur, and this research investigates the possibility of phase speed changes of 
waves propagating near the rib. The other popular method is a form of a 
contintaity equation where wave components going into a rib area mvist equal the 
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wave components leaving the rib area [21,26-28]. Physical details of the joint are 
not included, and this method also assiimes that phase speeds of bending waves 
do not change. 
The energy-based approach used by [22,24] is perhaps the most 
appropriate for this research. This is because an energy-based method makes no 
assumptions about the phase speeds of the waves propagating through the beam. 
Fvirthermore, the rib mass and inertia are easily included. Also, the rib 
attachment can be modeled using stifTness, geometry, and static stress 
information. 
There is an absence of a model that incorporates all the necessary 
components that exist in a system consisting of a rib, attachment, and beam 
structure. A model that can incorporate the dependence on static stress, 
geometry, and mass and inertia effects will greatly improve design and prediction 
methods. 
1.3. Objective 
Two objectives were defined at the beginmng of this research. The first 
objective was to experimentally determine if the attachment properties of 
structxiral elements could affect the structural acoustics of the vibrating body. 
This was accomplished by performing enough different experiments to 
definitively identify what the significant attachment parameters were. The 
second objective was to incorporate these significant parameters into a 
theoretical model. This was accompUshed by modifying the traditional wave 
models, and then by developing a new energy model approach. Primarily, the 
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model had to reproduce the farfield sound radiation from the rib and attachment. 
Furthermore, any phase speed changes of propagating waves in the experimental 
analysis should be modeled. 
1.4. Methodology 
To simplify the number of variables in the experiment, one particular 
discontinuity was chosen for investigation. This way, the experiments could be 
concentrated on that one simple type of structure and that stmcture could be 
modified many different ways. Through this experimental method, a thorough 
data base of results could be established to compare with theoretical models. The 
discontinuity chosen was the joint of a t-rib welded to a vmiform beam. 
The welded rib was chosen because in submarine applications ribs and 
stiffeners are usually welded to the structure, and also because it allows many 
different attachment properties to be varied and investigated. Namely, the weld 
fillets used to attach a rib to a structure can be varied by size and geometry, and 
by material composition. Also, the static stress resulting from welding the rib to 
the beam can be investigated. These parameters can be isolated experimentally 
to determine how changes in each of them will influence the acoustic phenomena 
of the structure. 
Experiments were conducted on nimierous long thin beams with a rib joint 
in the middle of the beams. The long length of the beams was needed to isolate 
the rib joint area firom the boimdary conditions at the ends of the beams. The 
consequence of using thin beams yields the added luxury of making the 
experiments one dimensional. This greatly simplifies the analysis and modeling 
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procedure. These one-dimensional results will give the character of what needs to 
be added to three-dimensional problems, such as submarines and airplanes with 
rib stifTeners attached to them. 
Several groups of beams were constructed with different geometric and 
material properties of the rib attachment area. Each group contained three 
identical beams with nominally similar rib attachments. By using these different 
variations of the attachment the influence of local prestress and residual stress 
was investigated. Furthermore, the effect of different fillet material was studied. 
Experiments were run on both steel and aluminum beams to determine the 
influence of different base metals on the structural acoustics. The vahdity of the 
procedure used for the measurements was confirmed by Wei [5] in previous work. 
The radiated sound power and the phase speed of waves propagating 
though the beam were used as benchmarks to determine the effect of different rib 
attachments on the structural response. The radiated sound power was chosen 
because it allows the effect of the rib attachment to be formally quantified. Also, 
since the end goal of this research is accurate modeling of the farfield sound 
radiation, the radiated sovmd power is the most appropriate quantity to study. 
The phase speed of waves propagating through the beams was investigated to 
judge whether waves undergo any phase speed changes due to the rib and its 
attachment conditions. It is not known if this parameter is important because 
current beam models do not include mechanisms for phase speed changes in 
structures with acoustically small ribs. A rib is considered acoustically small if its 
structural length is smaller than the wavelengths of the waves that interact with 
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it. 
Once the important phenomena had been identified, the task was 
imdertaken to produce a working model that included these important 
phenomena. The hope was that this new and improved model would reproduce 
the results that were foimd experimentally. 
The modeling effort began with the Euler-Bemotdli wave-based beam 
eqviation. This method was chosen to show how current models would react to the 
experimental beam setup. By introducing additional differential terms into this 
equation, it was adapted to reflect the parameters identified significant by the 
experimental work. The same material and geometric parameters that defined 
the beam experiments were input to the model. A perturbation solution to this 
wave equation was produced by treating certain higher order terms as forcing 
terms, and then separating this newly formed equation into simpler equations. 
The solutions to these individual equations were realized using a 
combination of Fourier transforms and mmierical integration schemes. These 
different solutions were then superimposed to generate the total solution. The 
beam response jfrom this wave-based model was processed vising the same 
procedures used for the experimental data. Results from the model were 
compared directly to the measured data to determine if the parameters in the 
model affected the structural response of the beam in the same manner seen in 
the experiments. 
An energy-based model was also developed that was baised on the extended 
Hamilton's principle. Relationships for the kinetic and potential energies were 
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formed, along \dth an energy relationship describing the shaker input force. 
These energies were functions of the normal out of plane beam displacement. The 
solution to the energy equation was achieved using Hamilton's principle and 
Galerkin's method of weighted residuals. 
A matrix solution composed of beam responses at equally spaced nodes 
along the length of the beam was setup using the derived energy equation. The 
matrix solution was similar to a finite element scheme, except that the method 
chosen here incorporated all boundary condition infoimation in the weighting 
fionctions used with Galerkin's method. 
Cubic spline curves were chosen as the weighting functions because their 
behavior is well defined and they vary smoothly. Also, since the governing wave 
equations incorporate second order derivatives, the weighting functions need to 
be at least of order three, as are the cubic splines. Cubic splines are also 
advantageous since individual cubic spline curves only cover four adjacent nodes 
and their use in a matrix system produces matrices that are highly banded along 
the diagonal. This greatly decreases the computation time needed to arrive at a 
solution. Additionally, cubic spline curves are easily adapted to certain boundary 
conditions. 
The energy-based model correctly reproduced the farfield radiated soxmd 
fields that were produced by the measiired data. This model shows that current 
models need to incorporate additional mechanisms to account for rib attachment 
parameters. 
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1.5. Overview of Thesis 
Chapters 2 and 3 cover the experimental design and setup. Chapter 4 
reviews the concepts of the signal processing used. Chapters 5 and 6 anal3rze the 
results to evaluate how variations of the rib attachment affected the radiated 
sound power, and the phase speeds of propagating waves in the beams, 
respectively. Chapters 7 and 8 give the restilts of additional experiments that 
were nm to validate the results of Chapters 5 and 6. And, Chapter 9 gives a 
summary of the results foiond from the experiments. 
Chapter 10 starts the theoretical modeling of the experimental results. In 
this chapter, the Euler-Bemoulli wave-based model is described and adapted to 
include the effects of static stress and the weld fillet geometry. Chapter 11 
presents the development and results of the energy-based model that utilizes a 
finite element type computation method. Chapter 13 presents formal conclusions 
from all of the research work. 
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CHAPTER 2. SYSTEMS STUDIED 
2.1. Geometric Variation 
To insure consistent experimental results, several nominally similar 
beams were manufactured and measured for each rib attachment type discussed 
below. Comparison of the results from these nominally similar beams showed 
that the measurements were accurate and the analysis process was valid. 
To identify the effects of geometric variation on the radiated sotmd power 
the attachment geometry was constructed with the three distinct shapes shown 
in Figure 2.1. These three shapes were constructed by machining a single piece of 
material to the desired geometry. One shape had no angular fillets at the 
attachment point or on the rib, another had angular fillets on the rib only, and the 
third had angular fillets at both locations. The angular fillet is the same 
dimension of the weld fillet that would be created by welding the rib onto the 
beam. The angular fillets accounted for 7.1% of the total rib mass. An important 
point is that the entire rib joint area is very small compared to the length of the 
beam. The length of the entire rib attachment from fillet to fillet is only 3.5% of a 
mean structural wavelength in the frequency range where data will be reported. 
2.2. Material Variation 
The effects of material variation were examined by comparing results from 
beams with the rib welded onto them, to beams where the entire beam and rib 
were machined from one piece of material. Experiments were conducted on the 
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Figure 2.1. Rib cross sections used in the experiments 
welds machined smooth to match the shape of the angular fillets on the beams 
that were built out of one piece of material (see Figure 2.1). The roughness of the 
weld that was machined away accotmted for less than 1% of the total rib mass. 
Also, plain beams with no rib joints were cut in half and coimected back 
together with a v-butt weld and compared to results obtained from the simple 
plain beams. 
Due to the welding process, static residual stresses are induced into the 
weld location. In order to determine the effect of this static stress, beams that had 
been welded were heat treated to relax those stresses and then again tested. 
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Topically, these stresses are 200MPa to 600MPa for a steel weld [1-3]. 
The beams were made out of alvmiinum and steel. However, since the heat 
treating process for altmiinum is much more difficult than it is for steel no resxilts 
were obtained for heat-treated aluminum beams. 
The rib cross-sections used for all beam measurements are shown in 
Figure 2.1. The terms "no fillets", "top fillets", and "double fillets" in Figiure 1 all 
describe the rib geometries used for a particular data set. These terms will be 
abbreviated NF, TF, and DF, respectively throughout this paper. The ribs 




3.81 cm 5.72 cm 
0.64 cm 
^ '' 0.64 cm 
Figure 2.2. Dimensions of a typical rib used during the experiments 
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CHAPTER 3. EXPERIMENTAL SETUP 
All experiments were nm in a 5m wide x 5m deep x 4m tall anechoic 
chamber so that outside vibrations and noises would be eliminated. The beams 
were suspended between two 2.44m tall by 1.83m wide rigid bafHes. These baffles 
served to acoustically isolate the front side of the beams from the back side of the 
beams. The two baffles were constructed of three-quarter inch particle board and 
were placed as close to the suspended beams as was possible without touching 
them, nominally l-2mm. 
3.1. Beam Geometry 
The beams were made as long as could be allowed in the chamber. This 
was necessary so that the vibration of the rib, which was centered on the beam, 
would show minimal effects of the end conditions of the beam. The constraints of 
the chamber size allowed the beams to be 2.44m long. The cross sectional 
dimensions of the beams were 0.635cm thick by 5.08cm wide.The beams had two 
small holes drilled into them. One of the holes was located 3.80cm from the top 
end of the beam and was used to vertically support the beam during the 
experiment. The other hole was located 72.5cm below the rib and served as the 
connection point for the shaker used to excite the beam during the experiments. 
Figure 3.1 shows the experimental setup. 
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1st Measurement Point 
Figure 3.1. Experimental setup used to acquire sound pressure data 
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3.2. Suspension Method 
The top of the beam was suspended by a thin wire to allow for free 
vibrations at this end of the beam. The bottom of the beam was immersed in a 
bucket containing approximately 2 gallons of very fine sand. The sand effectively 
damped most of the reflections from the bottom of the beam. Experimental 
results showed the reflection coefficient of the sand dampened end to be around 
0.2 for aluminum beams and 0.4 for steel beams. The sand also reduced the 
resonant mode shapes on the beam, simplifying the resulting wave patterns 
aroimd the rib area which aided the data analysis. 
3.3. Data Acquisition 
All data acquisition and signal generation was performed with a 
Concurrent Computing MassComp computer. A linear frequency sweep signal, a 
chirp, through the range 500Hz - 1500Hz was created and amplified by a Briiel & 
Kjaer Power Amplifier Type 2706. This chirp signal excited the beam via a Briiel 
& Kjaer Vibration Exciter Type 4809. A 5cm stinger connected this shaker to a 
PCB Model 208 A02 Force Transducer whose output was amplified by a PCB 
Model 480A Transducer Amplifier. The response of the beam was measured by a 
one-quarter inch Briiel & Kjaer Condenser Microphone Type 4135 whose output 
was amplified by a Briiel & Kjaer Microphone Power Supply Type 2807. The force 
and the sound pressure signals were amplified by an Ithaco Model 453 Amplifier. 
These amplified signals were low-pass filtered by a Krohn-Hite Model 3905A 
Multichannel Filter with a cutoff of 2000Hz. The low-pass filter had a rolloff of 
148dB/octave. The filtered signals were then input to the computer for 
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processing. The computer sampled 4096 time steps at a rate of 24kHz. All input 
signals were averaged 20 times in the frequency domain. 
Each experiment consisted of measuring the soimd pressure at 64 
locations along the length of the beam. The separation between measurement 
points was 2.5cm. The microphone was placed as close to the beam as was 
experimentally possible so that the measxirements closely approximated the 
surface pressure. Due to a slight warp along the length of the beams and variance 
in the scanner travel plane this was nominally a distance of 1cm, and varied by 
as much as 0.25cm. This distance is approximately 4% of an acoustic wavelength 
at 1500Hz, the maximum frequency of the experiment. The cross spectrum 
GfpifSi), and auto-spectra of the force input Gjjita), and the pressure input , 
of the two signals at each measurement position were measured and stored for 
later analysis. 
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CHAPTER 4. ANALYSIS METHOD 
The analysis methods used in this research were presented in earlier 
papers [4,5] and they will only be summarized here. Figure 4.1 shows a schematic 
of the analysis path for the data. First, starting at the top of Figure 4.1, the 
surface pressure per unit force as a function of position and frequency, p„(x,co) 
was calculated by 
The plot in the top left hand comer shows this type of data. This position and 
frequency information was then inverse Fourier transformed to the time domain 
to produce the surface presstire as a function of position and time, pjix,t), and is 
shown in the plot right below it. Filtering as described by Mann and Williams [4] 
was used. Also, the position and frequency information was Fourier transformed 
in the spatial domain to produce the surface pressure as a fvinction of wave 
number and frequency, p^ik,(o), as shown in the plot in the top right hand comer. 
The surface pressure is analogous to the normal surface velocity. 
The siarface pressure, p„ix,t), was needed to calculate the phase speeds, 
, of the waves at any given location. Phase speed is the rate at which a 
propagating bending wave changes phase as it propagates down the beam. The 
position and time data were processed at each beam position as the wave 
propagated using a method that would give the amplitudes of the phase speeds of 
20 
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Figure 4.1. Analysis process used to determine phase speed and soxmd power 
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all waves moving through that position [4] at all times, A(t,c^. An example of 
this information is shown in the plot in the lower left hand comer of Figure 4.1. 
This plot coiild then be searched for the phase speed that had the largest 
amplitude. This phase speed represents the phase speed of the dominant wave in 
the beam at a given location. Changes in the dominant phase speed allow the 
effect of the rib on the phase speeds of the waves to be investigated. The time 
where this peak in the plot occurs is the time when a wave propagating with that 
dominant phase speed arrives at the given position. 
The surface pressure, p„(it,co), was used to calculate the total sound power 
per unit length radiated from each location along the beam. This was done by 
first filtering the data, p„(it,a)), in the k-space domain, keeping only the 
supersonic wave numbers that propagate to the acoustic farfield [6,7]. The result 
is then inverse-Fourier transformed back in the spatial domain to get p„(ac,co), 
where the carat, , indicates a filtered signal. Then this information is inverse-
Foiirier transformed back to the time domain to get p„(.x,t) which represents only 
that information measured by the microphone that propagates far away from the 
beam. The plots on the right hand side of Figvire 4.1 show this progression of 
A 
processing. To get the radiated sound power per unit length the p„(x,t) is 
integrated through time at each position. 
Figure 4.2 shows the typical surface pressure as a function of frequency 
and position, p„(x,co) and that same data inverse-Fourier transformed to the time 
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domain, p„(.x,t), for a typical plain beam with no discontinuities, except the 
shaker force input which is located at 0.1375m. The frequency domain plot at the 
top of Figure 4.2 shows the mode shapes from the different frequencies. It shows 
that some frequencies do not generate wave shapes in the beam. The time domain 
plot on the bottom shows the waves leaving the shaker in both directions and 
propagating down the beam. The waves that travel to the right reflect off the end 
of the beam and return toward the shaker. The waves that travel from the shaker 
to left are absorbed by the sand on that end of the beam. 
Figure 4.3 shows the same two plots for a beam with a welded DF 
geometry rib. Similar to the uniform beam, certain frequency bands did not excite 
waves in the beam with the rib. Also, the rib located at 0.865m can be seen on the 
frequency domain plot by the absence of mode shapes beyond the rib position at 
many frequencies. Interestingly, certain frequencies were unaffected by the rib 
and had waves shapes that were similar before and after the rib. The time 
domain plot clearly shows the waves reflecting off the rib and back toward the 
sand. This plot also shows that more energy is reflected from the rib, than the 
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Figure 4.2. Surface pressure along a plain aluminum beam: (a) Frequency vs. 
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Figure 4.3. Surface pressure along a welded DF aliaminiun beam: (a) 
Frequency vs. position; (b) Time vs. position 
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CHAPTER 5. RADIATED SOUND POWER 
Figure 5.1 shows how the surface pressure from a typical experiment varies as a 
fimction of time and position. The shaker and rib locations are noted on the plot in 
Figure 5.1 to show how the waves interact with these discontinuities. This plot allows the 
wave propagation to be followed as it disperses over time and reflects from the rib and 
beam ends. For example, there are no waves present ansrwhere along the length of the 
beam before the shaker is excited at time = 0.0msec. After excitation, high amplitude waves 
(darker regions) are initially produced near the shaker only. They propagate down the 
length of the beam later in time and lose energy. The waves first encounter the rib at about 
1.75msec. Then, part of the wave energy is reflected back toward the shaker and the rest is 
transmitted past the rib and propagates down the remaining length of the beam. These 
initial transmitted waves reach the last measurement location on the beam at about 
4.0msec. On future plots the line labeled "Rib Location" indicates the position and width of 
the web of the rib. 
5.1. Effect of Geometry Change 
To determine the effect that the attachment geometry had on the radiated soimd 
power, aluminum beams with or without angular fillets were excited and the farfield 
radiated sound power results along the beam are shown in Figure 5.2. 
The shaker always radiated more soimd to the farfield than any other location for all 
experiments. However, small fluctuations in the shaker input between experiments 
produced minor differences in the calculated amount of sound power radiated at the shaker 
location for each experiment. Thus, this value has been normalized to 80dB for all results 
to ensure accurate comparisons of the data. 
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Figure 5.1. Measured sound pressure from a beam with a rib 
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Figure 5.2. Comparison of TF vs. DF geometries with aluminum 
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The results from the three bviilt TF beams, three built DF beams, and 
three plain beams were averaged, respectively, to produce the data shown. The 
average sound power from plain beams has been included in the graph to give a 
reference point to the values. 
Figure 5.2 shows that the beams with rib joints radiate 20dB more sound 
to the farfield than plain beams in the region between the shaker and the rib. 
This area is the incident side of the rib. The incident side of the rib is the side 
where the wave contacts the rib. In this experimental setup, the waves from the 
shaker first contact the left side of the rib, thus at this time the incident side is 
the left side of the rib. The existence of the joint increases the farfield sound 
radiation over a length of about 55cm to either side of the joint. The graph also 
shows that the TF geometry radiates IdB more soimd around the rib than the DF 
geometry. This may be caused by two things. First, the TF geometry has an 
abrupt inertial change at the point of attachment. This is a more severe 
discontinuity than the DF which has a more gradual inertial change due to the 
fillets, and abrupt geometry changes radiate sovmd. Second, the absence of fillets 
on the TF geometry give it slightly less joint mass than the DF geometry and this 
mass difference may make the beam vibrate more at the rib position. However, 
since the fillets are only 7.1% of the rib mass, it is imlikely that the mass change 
affected the vibration to the degree indicated by the change in radiated sound 
power. 
This graph also shows a large discrepancy in the shapes of the radiated 
fields that the two geometries produced. The TF geometry produced a broader 
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single peak before the rib joint location (incident side) while the DF geometry 
produced two peaks located on either side of the rib joint. The single broad peak 
only occurred with ribs that were attached with the TF geometry. All other 
geometries produced the two peaks. Why this occurs has not yet been resolved. 
Another interesting point is that neither geometry produced a peak that was 
centered around the joint. Both geometries radiated the greatest soimd power 
approximately 10cm before the rib joint location. This indicates that the high 
amplitude waves from the shaker that are incident on the rib generate most of 
the sound. The DF geometry produced a second peak about 15cm after the rib 
joint location as well. 
5.2. Effect of Material Changes 
To determine the effect that the attachment material had on the radiated 
sound power, beams with ribs welded to them were compared against beams 
where the entire beam and rib were machined out of a single piece of material. All 
beams had the DF geometry. This comparison is shown in Figure 5.3 for 
aluminum beams and in Figure 5.4 for steel beams. As before, the average soimd 
power from plain beams has been included in the graph. 
The results shown in Figure 5.3 show that the built beam generates about 
O.SdB more soimd power than does the welded beam at the joint location. 
However, for the majority of the positions the farfield sound radiation levels were 
identical. Also, both attachment types generated the two-peaked sound field 
shown before. Since there are no major differences in the radiated sound fields of 
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Figure 5.3. Comparison of built vs. welded DF geometry with aluminum 
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Figure 5.4. Comparison of built vs. welded DF geometry with steel 
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a parameter as attachment geometry for accurate modeling of the farfield 
radiation. 
Figure 5.4 indicates that the differences between the two attachment 
methods are even smaller for steel beams than for aluminum beams. Again, it is 
concluded that attachment method is not as important as the attachment 
geometry. 
Comparing the alviminum beam results of Figure 5.3 to the steel beam 
results of Figxxre 5.4 reveals that the steel beams do not produce as abrupt a 
second peak as the aluminum beams did. From Figure 5.2 it was seen that lack of 
a second peak indicated no bottom fillets. It was concluded that the angular fillets 
on the stiffer steel beams do not smooth the inertial change as much as the 
alimiinum fillets do. 
5.3. Effect of Changes to Weld Fillets 
During the course of the experiments it became obvious that the welds 
holding the ribs to the beams varied slightly from beam to beam. The variance 
was in the size, shape, and roughness of the weld. Although the welds were 
nominally similar, the small differences led to a study of the welds themselves. To 
remove this variance, the rough welds were machined down to match the 
geometry of the angular fillets on the built beams and the response was again 
measured. 
Since the welds on the steel beams induce a spatially varying static stress 
with a typical maximum of 200MPa to 600MPa [1-3], a heat-treating process was 
applied to the weld area to relieve these stresses after they were machined 
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smooth. The response of these heat-treated beams were then measured to 
determine the effect that the static stress had on the response. Due to the 
variance of the welding process, the results from similar beams will not be 
averaged. Instead, each beam will be looked at individually to identify important 
changes in farfield soimd radiation due to welding effects. 
Figure 5.5, Figiire 5.6, and Figure 5.7 show the effect the above changes 
had on the three different steel beams used earlier. Machining the weld fillets 
increased the radiated soTind power by as much as S.OdB in beam 1, 2.0dB in 
beam 2, and 1.5dB in beam 3. It may be that the machining process increases the 
static stresses already present from the welding process. Since the roughness of 
the weld that was removed was less that 1% of the total rib mass, the change in 
radiated sound power must be due to something other than a mass change. 
Perhaps, by machining the welds the discontinuity is becoming more abrupt and 
is thus generating more sound. Again, this seems unlikely since the amount of 
material removed is very small and the geometry of the attachment was not 
changed significantly. After heat-treating the beams the radiated sound field was 
reduced. The field was almost identical to that of the original rough weld case at 
some positions and even lower at others. All three beams showed soiond level 
reductions on the order of 1.0 - 1.5dB. This strengthens the idea that the 
machining of welds does indeed increase the internal stress of the weld area. 
However, it was hoped that the heat-treatment process would lower the sound 
levels further than was found. 
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Figure 5.7. Effect of smoothing and heat-treating the weld fillets on beam 3 
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fillet increased the radiated sound power 1.5 - 3.0dB, and heat-treating the weld 
fillet reduced the radiated sound power 1.0 - 1.5dB. The relative shape of the 
radiated soxind field was unchanged by either process. 
5.4. Study of V-Butt Welds 
As mentioned before, variance in the welding process naturally led to a 
study of the effects of welds alone on the sound field. Six steels beams were sliced 
in half and the sliced ends were mitered to 45 degrees. These mitered ends were 
then welded together using a v-butt weld as shown in Figure 5.8. The six steel 
beams were manxifactured in two sets. The first set had rather large welds that 
himiped well over the surface of the beam. The second set of v-butt welded beams 
had significantly smaller welds which did not protrude above the surface. As in 
the previous section, each beam will be considered individioally and not averaged 
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Figure 5.8. Design specifications of the v-butt weld area 
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Figure 5.9 through Figure 5.11 show the resulting sound power fields from 
set 1 of the v-butt beams under rough, machined, and heat-treated conditions. 
Figure 5.12 through Figure 5.14 show the results from set 2 of the v-butt beams. 
Note, unlike the prior experiments, these beams were heat-treated before they 
were machined. Also, the machining process removed a large amotmt of weld 
material. The welds were machined down so that they were level to the beam 
surface, making the beams geometrically similar to the plain beams. When 
looking at Figures 5.9 through 5.14 note that the data after the rib location is 
around 30dB lower than the sound power levels at the shaker location. At this 
low level the signal to noise ratio is very small and no conclusions can be safely 
drawn from these small numbers. 
In both sets of beams the existence of the weld increased the radiated 
soimd power levels. Set 1 which had larger welds showed a 3.0dB to 4.0dB 
increase in the radiated sound field over that of the plain beams. And the set 2 
beams which had smaller weld amounts produced only l.OdB to 2.0dB increases. 
This may be due to a difference of re-entrant angle. That is, the angle which the 
wave must travel to go up into the weld itself. With a larger weld the angle is 
much steeper than for a smaller weld and a large re-entrant angle acts Uke a 
sound source. 
Heat-treating the welds on the beams produced results that were similar 
to those found on the beams with welded ribs. The plots from set 1 all show 
reductions in the radiated sound field of IdB to 2dB before the rib location. The 
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Figure 5.14. Effect of smoothing and heat-treating the weld on beam 3 of set 2 
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smallness of the weld and therefore lower internal stress present initially. 
Since so much weld material was removed during the machining process, 
the sound levels actually dropped. This drop can be attributed to two physical 
conditions. First, as mentioned before, most of the weld had been physically 
removed and thus there was loss of joint mass. However, as was stated in 
section 5.1, small mass changes do not appear to be the cause of the radiated 
sound differences. Second, the moimd of weld material acted to locally stiffen the 
beam, much like a rib would, and removing that mini-rib removed the sound it 
produced. Furthermore, the re-entrant comer was removed and thus the sound 
source it acted as was removed. 
5.5. Statistical Significance of Small Sound Field Changes 
The results from the beam experiments showed that small changes in the 
joint properties created changes in the radiated sound field. In certain situations 
the changes of IdB to 2dB that were observed can be discounted as negligible. 
However, in the scope of this research these values are important since in 
industrial settings where thousands of rib and weld connections are present, the 
results can, to some degree, become additive producing larger sound field 
changes. Hence, where one rib may not cause significant radiation to merit 
concern, thousands would definitely do so. Reducing the radiated sound of one rib 
by changing the joint properties becomes significant provided that the IdB to 2dB 
changes are not simply experimental error. This section will examine the 
statistical variance in the data so that statistically significant changes can be 
identified. 
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A widely used method of verifying experimental variance is called the 
analysis of variance, or simply ANOVA. [8]. The definition of the ANOVAis given 
in appendix 1. The ANOVA simply tests the significance of differences among 
groups of data in the form of a quantity called an F-value. An F-value of 1.0 
indicates that the variance between different types of beams is the same as the 
variance between nominally similar beams. F-values larger than 1.0 are 
considered significant. The following graphs show the F-value calculated from the 
radiated power of different groups. Lines indicating where the 99% and 95% 
percentile levels start are indicated on the plots. The percentile levels give an 
indication of the confidence that can be placed on the differences observed in the 
experimental data. 
Figures 5.15 and 5.16 show the F-values resulting from using three groups 
of beams, each group consisting of three measurements of nominally identical 
beams. The groups used to generate Figure 5.15 were all steel beams with ribs 
welded to them. The only differences were in the rib attachment properties. 
Group one had rough welds, group two had machined welds, and group three had 
heat-treated welds. All three of these groups were compared against each other to 
produce the F-values shown. The beams used in Figure 5.16 were the steel v-butt 
welded beams. For this plot group one was the set of rough welds, group two was 
the set of heat-treated welds, and group three was the set of machined welds. 
Three black vertical lines and one white vertical line have been included on the 
ANOVA plots. The white line marks the location of the rib or weld on the beam. 
The first two black vertical lines indicate the positions of the two significant 
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Figure 5.15. ANOVA results with welded ribs 
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Figure 5.16. ANOVA resialts with v-butt welds 
49 
peaks seen on the power plots between the shaker and rib. The third black 
vertical line marks the location of the sound power peak located just after the rib 
location. Note that the horizontal axis (beam location) only covers the central 
portion of the beam, and not the full range as seen in the soimd power plots. 
Both plots indicate that the radiated power differences caused by different 
attachment properties seen earlier are indeed significant at certain points on the 
beam. In the case of the ribbed beams, most of the significant differences occurred 
before the rib location. At the rib location, however, not as much significance is 
seen. This agrees with the radiated sound field data that showed that most of the 
noise generated by the rib came before the rib location and not directly over it. 
The sound power differences that were foimd with the different v-butt welded 
beams gave large F-values at even more beam locations than the ribbed beams 
produced. This time, locations on the beam before and after the weld location 
were significant. 
Table 5.1 shows the percentile rank of the ANOVA value that resulted 
when the different attachment and weld properties were put to different 
comparisons. The rows in Table 5.1 represent the same fovir positions on the 
beam where the lines on Figures 5.15 and 5.16 are shown. The columns show the 
percentile values at each of those four locations for the different comparison 
groups. For example, colvram 1 gives the ANOVA results when built rib 
alimiinum beams were compared against welded rib aluminum beams for 
significant differences. Likewise, column 2 compares the built rib steel beams 
against the welded rib steel beams. The remaining 6 colvmms all pertain to steel 
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Table 5.1. Percentile values of different attachment comparisons 
Built vs. Welded All Effects Heating Only Machining Only 
Alum. Steel Rib V-butt Rib V-butt Rib V-butt 
1 77.5 99.4 98.5 99.9 77.2 99.7 99.7 99.8 
2 <75.0 82.2 96.8 98.8 95.1 75.5 99.4 99.5 
3 <75.0 82.3 83.9 91.6 83.0 <75.0 91.9 98.9 
4 <75.0 <75.0 93.0 99.7 93.2 76.2 91.4 99.7 
beams. Percentile values less than 75 indicate that the variances between the 
different groups was only nominally larger than that of the variances within the 
groups and are not considered significant. Values greater than 90 indicate that 
the changes seen in the radiated sound power fields are definitely significant. 
The table shows that, as a whole, neither the altmiinuutn beams nor the 
steel beams produced significant differences at most of the positions when the rib 
was welded or built on to them, although the steel beams did show slightly more 
significant differences that the aluminum beams did. The "All Effects" column 
hold the percentile values of the data in Figure 5.15 and 5.16, and represents the 
results when all of the different rib effects in the table were compared in one 
ANOVA. survey. 
Columns 5 and 6 show that heat treating the welds on the beams was only 
significant when the rib was attached since the v-butt beams, which did not have 
ribs attached to them, did not produce significant differences when they were 
heat-treated. 
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The last two columns show the ANOVA. values when the radiated sotind 
power from beams with rough welds was compared against the radiated sound 
power from beams that had the welds machined smooth. The table clearly 
indicates that the radiated sound changes that resulted from machining the 
welds were significant. Both the rib welds and v-butt welds had percentile values 
of 90 or higher at each of the four locations. 
The ANOVA has shown that the small changes that were seen in the 
radiated sound field do indeed reflect actual changes and are not simply 
experimental fluctuations. Table 5.2 summarizes the rib effects that were 
significant and those that were not. 
Table 5.2. Summary of significant rib attachment parameters 
Significant Not Significant 
Heat treating rib welds Heat treating v-butt welds 
Machining rib welds Weld material 
Machining v-butt welds 
Attachment geometry^ 
a.No ANOVA data was obtained for the TF vs. DF geometry comparison because not 
enough of these beam types were manufactured to conduct the ANOVA analysis on. 
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5.6. Using Different Integration Times to Calculate Sound Power 
Since sound power is calculated by integrating through time, one may 
choose the time limits to use in this calculation. By doing this, it is possible to 
take a closer look at the data. Three different time limits were used to help 
identify when and from where the soimd was radiating. The time limits were 
A/j = 0.0ms - n.5tns, Afj = 0.0ms -1.0ms , and Afj = T.O/tw - 14.0mj. 
Figure 5.17 shows how these different time ranges capture different information 
about the wave propagation. Observing data such as Figure 5.1 determined that 
the initial wave front from the shaker, tj, reached the top end of the beam aroimd 
7.0ms. Also, the first wave front reflected by the rib, rj, returns to the sand at 
approximately the same time. After reflecting from the top end of the beam, the 
wave front, r2, reaches the sand end of the beam at 14.0ms. After 17.5ms the 
beam had practically no vibration. Therefore, using At^ identifies the total sound 
radiated during the beam excitation. Using Atj the soimd power radiated by the 
first wave as it travels the length of the beam is calculated. And, using At^ allows 
only the sound power radiated by the reflected wave as it returns through the rib 
joint to the sand end of the beam to be calculated. Note, using At2 also includes 
the sound power radiated by the initial wave reflected back by the rib joint. 
Figure 5.18 and Figure 5.19 show how the radiated sound field changes 
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Figure 5.17. Change in radiated sound field with different time limits 
respectively. Both graphs show that practically all of the rib noise comes fi:om the 
initial incident wave front. This can be verified by comparing the curves of Af j 
and Afj on both the aluminum and steel plots. Before the rib locations the two 
curves are identical for aluminiim beams and nearly that similar for steel beams. 
The Afj curves of both materials have a significant second peak which occurs 
after the rib location. This indicates the second peak seen in the A?j curves are 
primarily the restdt of the incident wave. 
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Figure 5.19. Change in radiated sound field with different time limits for steel 
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The last time interval indicates that little sotind is generated after the 
wave reflects from the end of the beam and that almost all the soimd comes from 
the joint area only at this point in time. Also, the two peaks located before and 
after the rib location are still evident even with the much smaller amplitude 
waves that interact with the rib. The interesting thing to note is that for this time 
interval, the aluminum beams had the larger peak to the right of the rib, and the 
steel beams had the larger peak to the left of the beam. 
5.7. Reflection and Transmission Coefficients 
One way to quantify the effect a discontinuity or attached structure has on 
propagating waves is to define the discontinuity in terms of a reflection 
coefficient, R and a transmission coefficient, T. These coefficients are used in 
certain modeling techniques and experimentally determined values from this 
research can give valuable insight for those models. The reflection coefficient is 
the energy of a wave after reflecting off a discontinToity divided by the energy of 
the same wave before it reflects. The transmission coefficient is the energy of a 
wave after propagating through a discontinuity divided by the energy of the same 
wave before it reaches the discontinviity. Theoretically, the two ratios are related 
The energy of a wave at a given position will be calculated using the wave phase 





Figiare 5.20 shows the reflection and transmission coefficients of the rib for 
various rib types. The values were obtained using the altuninum beams. Both the 
welded and built DF geometry ribs had reflection coefflcients of 0.86. For this rib 
geometry the value remained constant over the entire frequenQr range. Since the 
reflection coef&cient was constant, the transmission coefficient should be 
constant also. The graph shows that for the DF geometry rib the transmission 
coefficient was virtually stable with a value of around 0.2. The reflection 
coefficient from the TF geometry rib does not remain constant with frequency. Its 
value ranges from a maximum of 0.875 at the low frequencies, down to 0.825 at 
the high frequencies. This decrease in the reflection coefficient translates into a 
drastic increase in the transmission coefficient. This indicates that the geometry 
of the rib affects the reflection and transmission properties of incident bending 
waves while the material variation due to the weld does not. 
In the previous section. Figures 5.18 and 5.19 demonstrated that beams 
made of aluminum and steel produced farfleld soimd curves that were mirror 
images of each other around the rib location, after the initial wave front had 
passed. For the last time interval, At^, the aluminum beams produced a peak to 
the right of the rib, and the steel beams produced a peak to the left of the rib. This 
difference can be explained with reflection coefficient values off of the sand. 
From Figure 5.17 it can be seen that the time interval At^ contains only 
two waves that are incident on the rib. One is the wave r2 which is incident from 
the right free end of the beam, and the other is wave which is incident from the 
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Figure 5.20. Reflection and transmission coefficients of the rib using aluminum 
beams 
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left sand dampened end of the beam. Since the free end conditions have no way of 
interacting with different beam materials differently, the differences seen in the 
power plot must be the result of beam interactions with the sand. One way to 
determine if steel and aluminum behave differently in sand is to calculate the 
reflection coefficients off the sand for both base materials. 
Figure 5.21 shows the results of reflection coefficient calcxilations from the 
sand for both the aluminum and steel beams. The sand had a reflection coefficient 
that ranged from 0.35 to 0.4 for the steel beams, and a range of 0.15 to 0.2 for the 
aluminum beams. Thus, the stiffer steel beams had a reflection coefficient oflf of 
the sand that was approximately twice that of the aluminum beams. This would 
seem to be an issue of possibly two material values. First, steel is stiffer and thus 
the sand acts like a fixed boundary condition which reflects a lot of energy. The 
softer alximinum bends more readily and energy may be lost in this motion. A 
second possibility is that the impedance of the sand more closely matched the 
impedance of alvuninum than steel and the waves wovdd propagate into the sand 
more readily if the impedances were similar. 
Referring to Figure 5.17, this indicates that the energy in wave rs in a steel 
beam has twice the energy of the same wave in an aluminum beam. Which means 
that for the steel beams, the wave r3 had a larger magnitude than wave T2, which 
creates a peak in the farfield radiation to the left of the rib. In the aluminxim 
beams however, the waves that contacted the sand were practically eliminated 
60 
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Figure 5.21. Reflection coefficients of the sand using aluminiun and steel beams 
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allowing wave T2 to have the larger amplitude, which creates a peak in the 
farfield radiation to the right of the rib. 
The previous sections in this chapter all showed a large peak on the 
incident side of the beam when the entire time range was used. The results in 
this section are significant because they verify that most of the sound is radiated 
from the incident side of the rib regardless of wMch direction the wave is 
traveling. 
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CHAPTER 6. PHASE SPEED 
6.1. Definition 
The phase speed, , of a wave propagating in a vmiform thin beam which 
obeys tiie Euler-Bemoulli bending wave theory is proportional to the sqiiare root 
of the frequency [7,9,10] 
(6.1) 
where the beam constant, K, is defined in terms of the material properties and 
geometry of the beam 
K = , (6.2) 
npd-'U ) 
where E is the Young's modulus, h is the beam thickness, p is the material 
density, and "O is the Poisson's ratio. For the beams used in this research = 
101.32Nm®/kg for the aluminum beams, and = 92.34Nm^/kg for the steel 
beams. Our experiments were nm on 2.44m long beams that were forced over the 
frequency range of 500Hz to 1500Hz. Using equation 6.1 these frequencies should 
produce a range of phase speeds of 177.82m/s to 308.0 Im/s for the aluminum 
beams, and a range of 173.75m/s to 300.94m/s for the steel beams. 
Current theory [5,7,9-11] implies that a wave traveling along a beam will 
move with a constant phase speed the entire length of the beam despite 
discontinuities such as ribs attached to the beam. These assume that the phase 
speed of a propagating wave will not change in the presence of discontintiities 
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that are structurally small when compared to the wavelength of the propagating 
wave. For frequencies used in the experiments the propagating waves in the 
beam woiild have wavelengths of 20cm to 70cm. The rib and weld joints were only 
2cia wide. Therefore, by conventional wisdom the rib and weld joints should not 
affect the phase speed of the traveling waves. The following section examines the 
vsiKdity of this assumption for the beams studied in this research. 
At each measurement location on the beam, and at different frequencies, 
the phase speed with the maximum amplitude was determined using the method 
described by Mann et al. [4]. Waves propagating to the right are labeled incident 
waves, and waves propagating to the left are labeled reflected waves. Normally, 
the incident waves have a positive speed and reflected waves have a negative 
speed. For the purpose of comparison, the data used to create the reflected phase 
speed graphs in this section were made positive in value. 
6.2. Aluminum Beam Results 
Figure 6.1 shows the incident phase speed as a fimction of frequency along 
the length of the uniform aluminum beam.This graph clearly indicates that 
phase speed does increase smoothly with frequency. Theoretically, this increase 
should be on the order of . The phase speeds near the shaker are quite large 
and indicate that the shaker, itself a discontinuity on the beam, is increasing the 
phase speeds of the waves that it creates. However, the phase speeds do decay to 
a constant value away from the shaker, and they remain constant over the 
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same plain beams. Again, as expected, phase speeds in the reflected direction 
remain constant throughout the length of the beam, which is expected of a beam 
with no sizeable discontinuities. There are no increases in the phase speeds of 
waves propagating in the reflected direction near the shaker. This may have to do 
with the fact that the shaker is no longer exciting the beam by the time the waves 
reflect back to it. Figxares 6.1 and 6.2 both show the validity of the experimental 
process and analysis technique since it is evident that for a given frequency phase 
speeds do not change at any position away from the shaker discontinuity. And 
this held true for waves propagating in either direction. Also, away from the 
shaker location, both the incident and the reflected phase speeds had similar 
values, as would be expected. The phase speed of the waves increased smoothly 
from 130m/s at 500Hz, to 340m/s at 1500Hz. The difference between the 
experimental and theoretical phase speed values are most likely due to material 
variations causing the calculated beam constants to be in error. 
The same information was plotted for the built DF beams and the welded 
DF beams. Figure 6.3 and Figure 6.4 show the phase information of the built DF 
beams and Figure 6.5 and Figure 6.6 show the results from the welded DF 
beams. The rib was located at 0.86m for all the beams in this research. 
In Figure 6.3 the phase speed values are very similar to the plain beam 
case until roughly 20cm before the rib location. At this point the phase speed 
begins to increase. After the rib location the phase speed is reduced. With the 
exception of the large peak seen at 0.95cm at the lower frequencies, the 
remaining areas around the rib indicate that the higher frequencies are much 
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more sensitive to the rib than are the lower frequencies; i.e., they show a much 
higher percent increase in phase speed due to the rib. This is to be expected since 
as frequency increases the wavelength decreases so that the discontinuity 
becomes larger compared to a wavelength, thus having a greater influence on the 
phase speed. However, even at the upper range of frequencies that this research 
used, the smallest wavelengths excited in the beam were on the order of 25cm 
long. This length is still an order of magnitude larger than the 2cm long 
discontinuity and presently used theories would dismiss discontinuities of this 
size as trivial. 
The reflected phase speed data shown in Figure 6.4 leads to the exact same 
conclusions as the incident phase speed results. The reflected waves appear to be 
much more sensitive to the rib discontinuity, however. This is caused, in part, by 
the absence of the shaker contribution. By the time the wave passes through the 
rib, travels to the end of the beam and reflects back toward the rib the energy 
input by the shaker excitation is zero. 
The same phase speed information was produced using the beams that had 
the DF ribs welded to them. Figure 6.5 and Figure 6.6 show the incident and 
reflected phase speed resialts, respectively. 
The incident phase speed data from beams with welded ribs is shown in 
Figure 6.5. The plot is almost identical to the built rib results shown in 
Figure 6.3. Likewise, the reflected phase speed results shown in Figure 6.6 are 
similar to those in Figure 6.4. This leads to the significant conclusion that the 
phase speed changes are a function of the rib and attachment geometry and not 
I 
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the material variation or the static stress caused by the rib attachment method. 
Finally, the phase speeds of waves propagating through the built TF 
geometry beams were calculated. Figures 6.7 and 6.8 show the results of the 
incident and reflected phase speeds, respectively. The incident phase speeds 
again increased, but by a smaller amount than was seen with the other rib 
configurations. The increases in the reflected phase speeds were much larger 
than any of the other plots have shown. In fact, the upper range of the phase 
speed search routine of 700m/s was reached at several points. The fact that only 
the TF geometry beams had the very high reflected phase speed values indicates 
that the attachment geometry significantly effects the phase speed. 
In order to view the changes in phase speed more accurately, the lOOOHz 
frequency has been sliced out of the surface plots above. The incident phase speed 
changes at lOOOHz are shown in Figure 6.9, and the reflected phase speed 
changes at lOOOHz are shown in Figure 6.10. 
Conclusively, it can be stated that the waves propagating in the reflected 
direction show very large increases in phase speeds. And, waves propagating in 
the incident direction show increases before the rib and decreases after the rib. 
The phase speed of a propagating wave is a function of frequency and the 
material constants. The beam constant, obviously, assumes that the beam is 
"beam-like," that is, a body that is uniformly thin throughout its length and the 
beams used in this research were not thin aroimd the rib location. 
6.3. Steel Beam Results 
The phase speed of waves as they propagate in the steel beams were 
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Figure 6.10. Reflected phase speed changes at lOOOHz for altuninum beams 
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calciilated to determine if steel would behave differently than aluminum, thus 
examining the question if the base material influences the phenomena already 
observed. The results for the steel beams will be shown for the lOOOHz case only. 
Waves propagating at this frequency were sensitive to the rib presence for the 
altiminum beam and will be used as the analysis frequency for the steel beams 
since it is easier to compare the plots at a single frequency than the surface plots 
shown previously. This frequency is also the middle of the frequency range used 
to excite the beams. 
The average incident and average reflected phase speed data for the beams 
with the rough welded DF ribs are shown in Figure 6.11. Also included on the plot 
are the average plain beam incident and reflected phase speed data. This figure 
shows that both the incident and reflected phase speeds of the plain beams are 
the same. This agrees with what one would expect. However, as with the 
aluminum beam results, the presence of the rib causes an increase in both the 
incident and the reflected phase speeds before the rib location. And, as was the 
case with the aluminum beams, there was a decrease in the incident phase speed 
after the rib location. Again, as was the case with the ribbed aluminum beams, 
the reflected phase speed was most influenced by the rib. At about the 50cm (2 
wavelengths) position, the presence of the rib is "felt" by the traveling wave, 
indicating that the wave adjusts to the rib conditions before it ever reaches it. 
The 50cm position is also the point at which there was significant radiated sound 
power. 
Even though the rib discontinuity is very small when compared to the 
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Figure 6.11. Average phase speed for the welded DF rib steel beams 
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wavelengths of the free bending waves, it drastically effects not only the radiated 
sound field but also the phase speeds. The results confirm that although the size 
of the discontinuity is important, there are other parameters involved. Mainly, 
the rib is an addition to the simple beam that can impart stiffness, force, and 
moment to the beam. These parameters must be considered when describing the 
rib as a discontinuity, along with its physical length. 
Phase speed results for the steel built DF geometry beams is shown in 
Figure 6.12. The values of the phase speeds from this plot are nearly the same as 
the phase speed values from the welded DF beams. The only difference is that the 
peaks of the reflected phase speeds values are larger for the built fillets than the 
weld fillets. But, generally, the curves of the built DF beams are the same as the 
welded DF beams. 
The phase speed results from the aluminum beams showed that the 
attachment properties of the rib did not greatly influence the changes seen in the 
phase speeds. The v-butt welded beams are an example of an "acoustically 
insignificant" discontinuity. The welds do not greatly change the cross-sectional 
plane of the beam, and they do not extend out of the plane of the beam to any 
great extent. Also, the in-plane length of the v-butt weld along the length of the 
beam is identical to that of the rib. Therefore, in order to determine if the rib is 
indeed more than an "acoustically insignificant" discontinuity, the v-butt beams 
were processed for phase speed information and the results are shown in 
Figure 6.13. 
The incident and the reflected phase speeds of the v-butt welded beams are 
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Figure 6.13. Average phase speed for the v-butt welded steel beams 
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practically identical to the incident and reflected phase speeds of the plain beams. 
This confirms the ideas stated earlier. If the discontinuity is structurally small 
and "acoustically insignificant," it will not affect the phase speed of propagating 
waves. However, if the discontinuity has a structure such that it can impart 
moments, stiffness, or forces to the system, then its physical length along the 
beam compared to a wavelength becomes a less significant factor when 
determining its influence on the wave propagation and soimd radiation fi:om the 
beam. 
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CHAPTER 7. GROUP DELAY 
7.1. Definition 
Phase speed, as defined in equation 6.1, is a function of frequency, 
and space. Thus, a propagating wave of a given frequency will cover a given 
distance, d, in a time, t. As the phase speed increases the time needed to cover the 
same distance will decrease. A forced beam will excite complex waves that 
contain many frequency components. Each frequency component of the complex 
waves travels at its own phase speed. A common way of describing these waves is 
called the group speed, Vg. Group speed is the speed at which a "group" of waves 
traveling at nearly similar frequencies propagate. This is used to simplify the 
task of assigning a speed to a propagating wave composed of several frequencies. 
Chapter 6 showed how the phase speeds of the propagating waves changed 
near the rib joint. One way to vahdate these findings is to calculate the time that 
it takes a group of waves to pass from a point in front of the rib, to a point beyond 
the rib. This time delay, called the group delay, can then be compared to the same 
information from the plain beam. If the group delay varies, then the phase speed 
is indeed changing in the structure as the wave propagates through it. This is a 
means to confirm the svirprising results seen in Chapter 6. That is, that the phase 
speed increased aroimd the rib. 
To determine this group delay, a point 25cm in front of the rib and a point 
25cm behind the rib were used. The time that it took a wave propagating with a 
given frequency to travel between these two points was called the "group delay." 
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The time a wave arrived at each position was calculated by the exact same 
method used to determine the phase speeds, as described in Chapter 4. The 
contour plot in the very bottom left comer of Figure 4.1 shows a typical time 
verses phase speed plot. At each location on a beam, a plot like this has been 
generated for a given frequency. The time where the peak in the plot occurs gives 
the time the wave with the given frequency arrives at that particular location on 
the beam. 
7.2. Results 
Figure 7.1 shows the results from calcrolating the group delay on the 
different beam configurations. Theoretically [7,9,10], the delay time is 
proportional to B/ Jm. The constant B has been determined experimentally from 
the phase speeds of the plain beams shown in Figure 6.2, and the resulting ciorve 
has been included in Figure 7.1. From this graph, it can be seen that the phase 
speed of waves propagating through the plain beams does increase with 
frequency. The small areas of increasing time delay are due to experimental 
variance, and also to the fact that the group speed incorporates a range of 
frequencies. Each data point on the plot represents a ±50Hz range, and not a 
single frequency. Also, a finite distance was used in the wave speed filter to 
determine the delay times. 
The built DF and welded DF are nearly identical. Both attachment 
methods produced a significant decrease in the group delay throughout the entire 
frequency range. This corresponds to an increase in the phase speed at all 
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frequencies when compared to the plain beam case. The fact that the built and 
welded attachment methods were identical indicates that the attachment 
material does not significantly affect the phase speeds of propagating waves. This 
confirms the conclusions found in the phase speed results of Chapter 6. 
The beam with the built TF geometry also showed decreases in the group 
delay times at most firequencies. However, the delay times were not as small as 
those for the DF geometry. Also, the delay times increased steadily with 
frequency, and the higher frequencies actually had longer delay times than the 
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Figure 7.1. Group delay times for different beam configurations 
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much from the DF geometry curves clearly confirms that the geometry of the rib 
attachment is a significant factor in how the phase speed will change arotmd the 
rib. 
Chapter 6 concluded that not only did the rib change the phase speeds of 
waves propagating through the beam, but also that the attachment geometry 
made the greatest difference. The time delay study was a separate method of 
investigating phase speeds and this method also produced the same conclusions 
as were found in Chapter 6. The fact that two separate methods of investigation 
came to the same conclusions reinforces the notion that the phase speed changes 
discovered in Chapter 6 are indeed occurring. 
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CHAPTER 8. MOMENT CALCULATIONS 
A common practice in beam modeling is to replace a rib discontinuity with 
a reactive force and reactive moment. How this reactive moment varies with 
different rib attachments needs to be determined. This chapter investigates how 
the rib and weld affect the bending moment around the beam. This information 
will help to determine how the rib and weld discontinuities should be represented 
in models. Two methods were used to determine the moments on the beam. First, 
strain gages were placed on the beam. The strain gage data was then used to 
calculate the bending moments on the beam at certain locations. Second, the 
bending moment can be approximated by a second order spatial derivative of the 
vibration of the beam. To get this second derivative the pressure that was 
measured along the beam was transformed to the k-space domain using a Fourier 
transform and manipulated. 
8.1. Stain Gage Measurements 
Eight strain gages were placed on each beam as shown in Figure 8a. The 
eight gages were placed so that gages 1 and 5, gages 2 and 6, gages 3 and 7, and 
gages 4 and 8 were on opposite sides of the beam. This placement allowed the 
bending moment to be calculated at each of the foiir beam positions shown in 
Figure 8.1a. The gages, which were 1.4cm long and 0.7cm wide, were placed as 
close together as was allowed by the application process. Micro-Measurements 
precision strain gages Type CEA-13-250UW-120 were used. The strain gage 
output was nm through a Measurement's Group Model 2120 A strain gage 
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conditioner. The gages were powered by a Measurement's Group 2110A power 
supply. The conditioner output and the measiu'ed input force were used the same 
amplification and data acquisition system that the microphone measurements 
used, along with identical shaker excitation and aquisition parameters. 
The strain per unit force was measured and stored for each strain gage. 




Figure 8.1. (a)Strain gage placement; (b) Free body diagram of beam element 
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mechanics principles. The measured strains, and , as shown in Figure 8.1b 
can be calculated by considering the strain contributions from the normal force, 
N, and the bending moment, M. This relationship is given by [14] 
s = JL±M£^ (8.1) 
A E  I E  
The sign on the second term is determined by the side of the beam that the gage 
is placed on. One side of the beam is in tension when it bends, while the other 
side is in compression. In order to calculate the bending moment at a position one 
can subtract the strain values measured on one side of the beam from the strain 
values on the other side of the beam and solve for the bending moment. Thus, 
^ ^ ( N Mc\ ( N Mc\ 
= [.TE-wAte^IE]^ 
= ^ . (8.3) 
I E  
and 
M  = .  (8.4) 
2c 
Four different aluminimi beams were measured with strain gages. Two of 
the beams had the welded DF geometry ribs. The other two beams had the ribs 
built into them. Of those two, one had the DF geometry, and one had the TF 
geometry. These beams will give a wide range of discontinuities with which to 
investigate bending moments. 
The moment data calculated from the above beams was oscillatory as a 
fimction of time due to the time varying vibrations in the beam. Figxu*e 8.2 shows 
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the typical strain gage output as ftinction of time. Since the point of this 
experiment was to determine the magnitudes of the reactive bending moments 
under certain conditions, the data presented in this chapter was made all positive 
in value. Then, to make the data easier to view, only the resulting peaks of this 
positive-valued moment data were plotted. The strain gage data acquisition 
board was pre-configured to only output relative, and not absolute, values. 
Therefore, the magnitudes of the reactive moments shown in this section can only 
be compared against each other. Hence, the difference between data sets is 













0 0.02 0.04 0.06 0.08 0.1 
Time, sec 
0.12 
Figure 8.2. Oscillatory moment values calculated from two strain gages 
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measurements, any arbitrary time shift may be applied to any of the data files 
when transforming from the frequency domain to the time domain. Using this 
fact as reference, the time domain data has been plotted with a consistent time 
offset scheme throughout. 
Only the first 0.02 seconds are shown on the horizontal axis since the 
moment values decayed considerably after this time. The wave from the shaker 
crosses the strain gages 1 through 4 in order. Since energy from the wave is lost 
when it runs in to the rib, the gages before the rib, 1 and 2, should have larger 
reactive moment values than the two gages placed after the rib, 3 and 4. Also, 
gages 2 and 3 should record larger moments than gages 1 and 4 since they are 
closer to the rib, which applies the reactive moment. 
Figure 8.3 and Figure 8.4 show the reactive bending moment of two 
different aluminum beams with the welded DF geometry ribs. Both beams 
produced almost identical moment values. This is important because it reveals 
the repeatability of the method, and necessitates that only one beam of a 
particular type be measured for accurate strain gage information. Both 
Figure 8.3 and Figure 8.4 confirm the assumptions that the maximiom reactive 
bending moment should come from gage 2, and the second largest moment from 
gage 3. Also, gage 1 showed a larger bending moment than gage 4. 
Figure 8.5 and Figure 8.6 show the moment data from the built DF beam 
and the built TF beam, respectively. Although the attachment geometries are 
different, the results from both beams indicate that the maximum reactive 
bending moments occur just before and just after the rib position. This verifies 
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Figure 8.4. Bending moment from welded DF aluminxmi beam #2 
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Figure 8.6. Bending moment from built TF aluminum beam 
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that a bending moment is indeed produced by the rib. 
In order to determine the effect of the rib attachment method on the 
reactive bending moment, Figure 8.7 was produced showing only the maximum 
values from all four of the beams, at each of the four gage locations. From the bar 
chart, it can be seen that the reactive moment at gage 2 is dominant throughout. 
Only nominal differences can be seen when comparing the welded DF moments to 
the built DF moments at positions 1,3, and 4. However, at position 2 the built rib 
applies a more reactive bending moment than the welded ribs did. It can be 
concluded that the welded material "softens" the motion of the rib to some degree, 
allowing the wave to pass with less rib interaction. The most dramatic change 
can be seen when comparing the DF geometry to the TF geometry. The TF 
geometry clearly creates smaller bending moments than the DF geometry. This 
verifies the idea that a stiffer rib joint generates more reactive moment. With no 
"stifiFeners" on either side of the rib web, the TF geometry rib bends much more 
easily and therefore imparts less moment to the passing wave. 
8.2. K-space Manipulation of Pressure Data 
From Euler-Bemoulli bending beam wave theory [7], the bending moment 
in a thin beam can be approximated by 
= K-^w{k), (8.5) 
where K  is the material constant given in equation 6.2. Since the second-
derivative is not directly available from the measured surface pressure data, the 
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Figure 8.7. Maximum bending moment from strain gage measurements 
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caloilation of the spatial derivative is implemented directly in k-space. Thus, 
applying a spatial Fourier transform to the above equation gives 
= -Kk\(k) , (8.6) 
where w(it) is approximated by the spatial Fourier transform of the measured 
surface pressure. 
The k-space manipulation, as given in equation 8.6, was implemented on 
the measured surface pressure data of the same beams that were used for the 
strain gage experiments. The bar plot in Figure 8.8 shows the maximum 
magnitudes of the moments calculated by the k-space method and can be 
compared directly to the results shown in Figure 8.7. The data in Figure 8.8 has 
been scaled to the same values as were obtained with the strain gages in 
Figure 8.7. It is immediately apparent that the two methods do not give the same 
results. Although gage 2 still shows the maximum bending moment for three of 
the beams, the built TF beam does not. Also, the two identically welded DF beams 
show vast differences in their respective moment values. This leads to the 
conclusion that the moment approximation given by equation 8.6 is not robust 
enough to handle the experimental and discrete information from the surface 
pressure experiments. Another limiting factor is that the pressure data which is 
originally stored as a fimction of frequency and position, must be finite Fourier 
transformed (FFT) to the k-space domain and processed to calculate the bending 
moment; then an inverse FFT applied to return to spatial domain; and, finally, 
another inverse FFT to get back to the time domain. The FFT process adds noise 
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Figure 8.8. Maximum bending moment from pressure measurements 
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to the signal and causes information to be lost due to its discrete nature. This lost 
information may cause the discrepancies seen. Also, data was only taken in 2.5cm 
increments along the length of the beam. This spacing may be too large to get an 
accurate description of the second derivative. Conversely, the strain gage gives 
the moment value directly without having to perform any derivatives, and this 
leads to fewer inherent errors when implemented experimentally. 
8.3. Conclusions 
The moment values calculated by the strain gage information produced 
consistent results that showed the maximum bending moment ocoirred just 
before the rib. Also, there was an increase in that maximum value when the 
attachment stiffness increase. And, conversely, there was a decrease in the 
maximimi bending moment when the attachment stiffness decreased. 
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CHAPTER 9. EXPERIMENTAL CONCLUSIONS 
The goal of the experimental measurements was to determine how spatial 
variations of material properties and static stresses influence structural 
acoustics. To simplify the experimental processing and to isolate the spatial 
variations, long beams were used, ^th the spatial variation placed at the center 
of the beam, the effects of the boundary conditions could be minimized. Ribs of 
different attachment materials and attachment geometries were investigated. 
Also, the effect of static stresses in the area of the discontinuity were 
investigated. 
Two different wave phenomena were used as benchmarks for the analysis. 
They were the farfield radiated sound from the beam and the phase speed of the 
waves propagating through the beam. 
9.1. Radiated Sound Power Conclusions 
The presence of the rib added 20dB to the radiated sound field when 
compared against a plain beam with no rib. Also, the rib effected the sound field 
over a distance of 2 bending wavelengths (±50cm) to either side of the rib. None of 
the different rib and attachment configurations ever produced its largest soxmd 
field directly over the rib. The sound peaks always occurred around one-half 
wavelength (10cm) before the rib. When only the first wave interactions with the 
rib were considered, it was seen that almost all the radiated sound field was 
produced by the incident waves and not the transmitted waves. Subsequent 
waves later in time added little to the radiated sound field. Experiments showed 
102 
that the way in which the rib was attached to the beam consistently changed the 
measured somid field as well. 
The results from beams with different types of rib attachment geometry 
led to the conclusion that the TF geometry consistently increased the farfield 
sovind radiation above the rib by IdB. Also, the TF geometry produced only one 
broad peak that was skewed to the incident side of the rib, whereas the DF 
geometry produced two distinct peaks, one large peak before and one smaller 
peak after the rib. The TF geometry is a much more abrupt change of beam 
thickness than the DF geometry. This rapid change of attachment geometry 
produces more farfield soimd radiation. 
When comparing the effects of angular fillets that were built into the 
beam, to those that were welded on to the beam, virtually no change in the 
radiated sound field could be seen. Since both the built and welded ribs produced 
two peaks, it is concluded that two peaks are produced by the DF geometry and 
only one peak by the TF, regardless of stress distributions or material. However, 
the steel beams with the DF geometry did not produce as distinct a second peak 
as the aluminxmi beams with the DF geometiy. Steel, being a stiffer material, 
radiates more sound from a given geometry than the softer alunainum. Therefore, 
not only is the geometry of the attachment method important, the stiffiiess of the 
base material is as well. 
The stresses induced in the beam due to welding increased the radiated 
soxmd field by IdB to 2dB. This was verified by the results from the heat-treated 
beams. Also, machining weld fillets smooth increased the farfield radiated soimd 
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IdB to 3dB. Since the mass and geometry changes produced by the machining 
process are very small compared to the mass of the rib, it can be concluded that 
machining a weld increases the stresses within the weld, thus increasing the 
radiated sotmd. 
9.2. Phase Speed Conclusions 
Experiments led to the conclusion that due to the presence of the rib, the 
phase speeds of waves propagating through the beam were increased in both the 
incident and reflected directions. Higher frequencies showed a higher percent 
increase in the phase speed when compared against the plain beam. Also, waves 
traveling in the reflected direction showed a higher percent increase of the phase 
speed. 
Similar to the radiated soxmd field, the phase speed was affected over a 
range of 2 bending wavelengths (±50cm) to either side of the rib. This result 
confirms that the rib does not effect the dynamics of the beam only at the rib 
position, but does in fact effect a much larger area of the beam. 
The v-butt welded beams did not significantly change the phase speeds of 
the propagating waves. This leads to the conclusion that stress and material type 
do not affect phase speed, but rather, the change in geometry does. The different 
geometry represents a change in both stiffness and inertia that the traveHng 
waves travel through. 
Table 9.1, summarizes which attachment conditions are significant (note 
that this is a repeat of Table 5.2). 
Table 9.1. Summary of significant rib attachment parameters (Table 5.2) 
Significant Not Significant 
Heat treating rib welds Heat treating v-butt welds 
Machining rib welds Weld material 




CHAPTER 10. WAVE-BASED MODEL 
10.1. Introduction 
The experimental results given in chapters 2 through 9 showed that the 
presence of a rib on a beam significantly changed the structural acoustics of that 
beam. More importantly, the structural acoustics were very sensitive to changes 
in how the rib was attached to the beam. This is important because current beam 
theories do not incorporate the mechanisms needed to produce the results seen in 
the previous chapters. Specifically, a beam model must be able to: 
• produce a peak in the radiated sound field before and after the rib 
location for DF geometry ribs, 
• produce only one peak in the radiated sound field before the rib 
location for TF geometry ribs, 
• produce an increase in the radiated soimd field with increasing 
static stress, 
• produce changes in both the incident and reflected phase speeds 
of propagating waves in the vicinity of the rib. 
Traditional beam theory will not produce the results of the four phenomena given 
above. A model that can produce the same resvilts as seen in the analysis of the 
experimental data can conclusively verify the surprising experimental results. 
A model has been developed based on the Euler-Bemoulh wave equation to 
show the deficiencies of traditional models. Also, different aspects of the 
attachment properties have been included to show how the traditional Euler-
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Bernoulli beam equation can be adapted to produce some of the results from the 
measiired data. The necessary components from the beam experiments have been 
incorporated into the model in the form of three different solutions. Once these 
three different solutions were obtained, they could then be superimposed to 
produce a total solution which describes the resulting beam response. The 
assumption is made that the individual components do not couple to each other. 
The first of the three solutions incorporated the force from the shaker, and a force 
and moment contribution from the rib. The second solution adds a contribution to 
the beam response from a spatially varying residual stress term. Finally, the 
third solution adds the response from a spatially varying rib joint geometry (the 
weld fillets). 
10.2. Euler-Bemoulli Wave Equation 
The one-dimensional homogeneous Euler-Bemoulli beam equation 
[7,10,11] without fluid loading is given as 
EI-^w{x,i) + p-^w{x,t) = 0 , (10.1) 
a/ dt 
where w(x,t) is the normal displacement of the beam. The modulus of elasticity 
constant, E, and area-moment of inertia, I, are constant along the length of the 
beam. If a rib is added to the beam, it's effect on the wave motion of the beam can 
be approximated by inserting a reactive point force, Fq, and a reactive point 
moment, Mq, at the rib location as shown in Figure 10.1 [7,12,20]. The shaker 
excitation of the beam is approximated by a time varying forcing term, F. 
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Figure 10.1. Parameters input into Euler-BemoiiUi beam model 
Inserting these variables into equation 10.1 gives 
A ->2 
vix,t) = F(j:,0 + ( , -
dx-
The response of this system is given by [12,40,41,42] 




^ + G(0) ^ + mo) 
(10.3) 
where K is defined in equation 6.2, and G(x) and H(x) are defined as 
G{x) = —r (le -e ) , and 
AIC 
(10.4) 
H{x) = ' S g n  U )  
4K 
(10.5) 
The remaining constants are given as 
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Kj. = -LK"^ , and (10.6) 
Kg = . (10.7) 
The mass per unit area is denoted by m, the vddth of the beam is given by L, and 
the rib cross-sectional polar area moment of inertia about the origin is given by 
Ip. The response defined in equation 10.3 represents the response of an infinite 
beam with the point force and point moment of the rib located at some distance, 
xq, from the forcing input, as shown in Figure 10.1. The rib force contribution is 
contained within the second term in equation 10.3, and the rib moment 
contribution is contained within the third term. The first term represents the 
general response of the beam to the forcing fimction. Note, that this model 
definition does not contain any information about the connection of the rib to the 
beam. 
—iK\jd This solution contains propagating waves, the e term, and evanescent 
j^l J 
waves, the e term. Evanescent waves do not propagate through the beam, but 
rather they decay exponentially with distance. These waves do not transport 
energy to other parts of the beam, their effects are local to the discontinuity and 
they contribute large amounts of energy to the field around the discontinmty. 
The model was setup so that the beam geometry was the same as the plain 
beams used in the experimental measurements - 72.5cm, L = 1.575m, a = 
5.08cm, h = 0.635cm). The model used the aluminum material constants 
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E = 73.0x10® N/m^, p = 2.77x10^ kg/m®, and v = 0.30. The force input to the beam, 
F, was set at lOOOPa. Since Fq and Mq are reactive forces, their values are 
determined within the model. The beam response as a ftmction of frequency and 
beam position is shown in Figure 10.2(a), and the response as a function of time 
and beam position is shown in Figure 10.2(b). Both the frequency domain and the 
time domain clearly show the effect of the rib located at 0.87m, and the force 
input located at 0.14m. Also, the time domain plot shows that the model did not 
allow reflections from the beam ends. Only the rib could reflect waves. 
The radiated sound power from this solution is shown in Figure 10.3. Also 
shown is a t3rpical experimental result of a welded DF beam. The radiated field is 
very similar to the results from the measured data. However, the reactive point 
force and point moment in the model did not create the two offset peaks that were 
seen in all of the experimental results. Also, the peak power level from the rib 
location radiated only 2dB less sovmd power than the input force did. Whereas in 
the experiments this peak was at least 5dB lower. This is probably due to the lack 
of any energy loss in this model. Losses in the energy of the propagating waves 
would lower the energy that reaches the rib, and thus lower the amount of soimd 
that the force and moment would generate. Also, the model assumes a perfect 
couple between the wave and the rib reaction. Experimentally, the rib does not 
react perfectly to the wave. 
The incident phase speed information for the lOOOHz wave case from this 
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Figure 10.2. Evder-Bemoulli beam model output: (a) Frequency vs. position 
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Figure 10.3. Radiated sound field from Euler-Bemoulli wave model with rib 
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Figure 10.4. Incident phase speed changes due to a point force and point 
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available from this model since the only waves traveling in the reflected direction 
were those waves that were reflected from the rib. Thus, only right propagating 
waves exist beyond the rib position. Also included in Figure 10.4 is the incident 
phase speed information from both the welded DF beams and the plain beams. 
The welded DF beam created about a 12% increase in the phase speed before the 
rib location, and roughly a 12% decrease in phase speed after the rib location. The 
model did indicate waves that change phase speed around the rib location. 
However, the incident waves from the model showed about a 12% decrease in 
phase speed both before and after the rib location, and never produced an 
increase in the incident phase speed. 
10.3. von Karman Equation 
The von Karman equation [16] is used to model the vibration of a beam 
with a spatially varying residual stress term, N^-Cx). The von K^rm^ eqtiation is 
a modification of the Euler-Bemoulli wave equation and is given by 
EI^wM + pArWixj)- r i / )  NJ,x)—w(x,t)+-^NJ,x)^wix,t) = 0 . (10.8) 
dx 
There is no analytical solution for this equation therefore a first order 
perturbation method was used. The perturbation solution was achieved by first 
solving the homogeneous case with no residual stress as given in equation 10.1. 
Then the homogeneous solution, is substituted into equation 10.8. To solve for 
the particular solution, Wp, the von Kdrman stress terms were treated as forcing 
terms and were moved to the right hand side of the equation. Thus, equation 10.8 
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becomes 
4 2 2 
3 w„ 9 H'„ 9 Wfc 3 dw. 
The exact solution to this equation can be readily attained via a spatial Foiirier 
transform to k-space. Transforming the above equation to the k-space domain 
gives 
EIky^(kJ-paW^(k^) = -N/k^)* [klw^ik^)] - Ik^NJik^)] * ,(10.10) 
where is the transform variable and is called the wave number. The 
operator in the above equation denotes a convolution. The homogeneous solution 
simply becomes the Dirac delta function, 8(K - k^), in the k-space domain. After 
making this substitution and performing the convolution, equation 10.10 
becomes 
= -IklNJ^K) . (10.11) 
Solving this equation for Wp(kJ gives 
2 k l N ( K )  
= 4 4 • (10.12) 
E I { K  - k l )  
Equation 10.12 has an exact inverse Fourier transform which gives the solution 
= 2EIK (10.13) 
This solution represents the response of a beam with a spatially varying static 
stress distribution. This solution also contains propagating and evanescent 
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waves. 
The residiial stress was modeled as having a Gaussian spatial distribution 
centered over the rib. This distribution is similar to the stress distribution that 
exists around a weld [1-3]. Hence, in the spatial domain the distribution has the 
form 
-flzfoY 
N^ix) = Ne ^ , (10.14) 
where N is the amplitude of the stress atxo, and T controls the spatial 
distribution of the stress. Figure 10.5 shows the relationship between z and the 
stress distribution around the rib location. A distribution value of x = 0.05 
spreads the stress over 24cm, and a value of x = 0.1 spreads the stress over 50cm. 
These distances are roughly one and two wavelengths long, respectively. The 
response of a beam to a Gaussian distributed stress force can be calculated 
exactly because the Fourier transform of this distribution can be calculated 
exactly as 
-f^T 
N^ik^) = zJicNe ^ (10.15) 
Substituting equation 10.15 into equation 10.13 gives the contribution of 
the Gaussian distributed stress to the beam response. This quantity can be 
considered the stress force contribution. The amplitude of this stress force as a 
fimction of frequency is plotted in Figure 10.6 for different values of the 
distribution parameter, x. This graph shows that for very small values of x where 
the stress is very localized, there is not much contribution to the beam response. 
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Figure 10.5. Distribution of stress over rib area with different values of x 
This also holds true for large values of x where the stress is distributed over a 
larger distance of the beam. The stress most effects the beam response when it 
has a distribution between the extremes; i.e., values from 0.05 to 1.0. This 
indicates that a stress field placed over a large part of the beam will not effect the 
beam response, whereas a stress field with a distribution on the order of a 
structural wavelength will. The plot also indicates that the lower frequencies 
react more to the stress than the higher frequencies do. This is because the stress 
is located over a small distance compared to the long wavelengths at the low 
frequencies. And the smaller length of the stress will appear like an abrupt 
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discontinuity for waves with long wavelengths. Conversely, the stress is not as 
abrupt a change for higher frequencies, which have shorter wavelengths, and 
thus, does not behave like a discontinuity at these frequencies. 
This solution, »was superimposed on the point force and point 
moment solution, , given in section 10.2. Thus, adding the two solutions 
in the frequency domain gives the total displacement as 
= w^j(x,co) + w^2(^,a)) . (10.16) 
The displacement due to the stress as a fimction of frequency, , and as a 
fimction of time, , is shown in Figinre 10.8(a) and Figure 10.8(b), 
respectively. 
The radiated sound field resulting from the addition of the stress is shown 
in Figure 10.8 for different stress levels. All the levels used a spatial distribution 
of T = 0.01. The soimd generated by the welded DF altaminimi beams has been 
included for reference. The plot shows that the addition of the stress information 
did not create two offset peaks as was found in the experimental restilts. Also, as 
mentioned in the previous section, the amount of soxmd radiated over the entire 
length of the beam is much higher than was seen experimentally. The model does 
however indicate that when a stress level of SOOMPa was reduced to 2MPa, the 
radiated sound level dropped IdB to 2dB. This does agree with the results of the 
experimental data (SOOMPa is typical of the residual stress of a weld, whereas 

















0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
Beam Position (m) 
(a) 
m 10.0 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
Beam Position (m) 
(b) 
Figure 10.7. Stress component of model output: (a) Frequency vs. position 
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Figure 10.8. Changes in radiated sound field due stress changes 
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does correctly recreate the stress effects on the radiated sotind power, but still 
does not produce the correct shape of the power curve. 
The phase speed changes due to a 2MPa stress and a SOOMPa stress are 
shown in Figure 10.9. The phase speed values for the 2MPa stress case are 
identical to the zero stress case shown in Figure 10.4. Increasing the stress state 
to SOOMPa over the rib position did not affect the phase speed values very much. 
This indicates that the static stress state of the weld does not noticeably influence 
the phase speeds of propagating waves, which was also a conclusion from the 
experimental resiolts. 
10.4. Geometry Change 
Neither of the responses shown in sections 11.2 and 11.3 contain 
information regarding the geometry change that occurs in a beam due to the rib, 
and the experimental results concluded that the geometry of the rib made a 
considerable difference in the structural acoustics of the beam. The weld fillet 
geometry change can be included in the one-dimensional wave equation by 
allowing the inertia term to vary with distance. Let, I = I(x), so that the following 
wave equation is required [7,10,11] 
E—-[7(x)w(x,0] +p—wix,t) = 0 . 
a/ dt 
(10.17) 
Expanding the left hand side of equation 10.17 gives 
4 3 2 2 2 
+ 2E^I(x)-^w(x,t) + E-^I(x)-^w(x,t) + p^wix,t) 
dx^ a/ dt^ a/ . (10.18) 
a b c 
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Figure 10.9. Incident phase speed changes due to different static stress levels 
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Since this equation does not have an exact solution, a perturbation 
solution method similar to the previous section will be utilized. The center two 
terms labeled b will be moved to the right side of the equation to act as forcing 
functions. The inertia term in a will be allowed to stay constant so that all of the 
variable inertia information will be contained in the force terms. This was done 
so that the solution from this equation would be compatible with the solutions 
from the previous two sections. Thus, the equation to be solved becomes 
EI^w Ax,t) + p—w (jt,0 = -2E^r(x)-~w^(x,t) - E-^I(.x)-^w^(x,t) . (10.19) 
dx dt dx dt dx 
Transforming the right hand side of equation 10.19 to the k-space domain gives 
l E U k J i k J  * -iklwik^)] + £[-it/7(Ag * -klwikj] . (10.20) 
Substituting Wj^CkJ = 8(K-kj) as in section 10.3 into the above gives 
2E [/^'^7(^g * -ikl5(K- ^ g] + E [-k^^l(kj * -kl^iK - it^)] , (10.21) 
which can be simplified to 
2EK\K) + EK^XK) = 'iEK\K) . (10.22) 
This result can be substituted into the right hand side of equation 10.11 and the 
resulting equation becomes 
£/itiWp()t^)-po)Vp(Jig = ^EK\K) , (10.23) 
which can be rearranged to produce 
W (k^ = • (10.24) 
n K - k " )  
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This equation can be spatially inverse Fourier transformed to give the exact 
result 
w J x )  = . (10.25) 
4/ 
Equation 10.25 gives the response of a beam with a spatially varying inertia 
term; i.e., a geometry change via ~I{K). 
An exact anal3rtical spatial Fourier transform of the rib geometry cannot be 
calculated. Therefore, a numerical integration of the Fourier integral was used to 
produce 1{K) from I(x). An adaptive recursive Newton Cotes 8 panel rule was 
implemented on the same rib geometry used in the experiments, with the 
exception that the top flange of the rib was left out as shown in Figure 10.10. This 
geometry was chosen so that the beam equation would still be vaHd at the rib 
position. If the entire rib geometry were used, the assiimption of a xmiformly thin 
0.635cm 
0.635cm 




Figure lO.lO.Geometry change used to calculate I(x) 
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beam wotild be compromised. Since an exact solution for I{K) of this geometiy is 
unknown, the numerical approximation will increase the amoimt of error in the 
response solution.The contribution from the inertia term to the total 
displacement is shown in Figure 10.11 for both the frequency and time domains. 
The solution to the entire beam problem can be achieved by superimposing 
the solutions from each of the two previous sections with the inertia solution from 
this section, w^3(x,o)), to give 
Wj.oji.x,(£i) = + + • (10.26) 
This total solution gives the radiated sound field results shown in Figure 10.12. 
The radiated sound power from the SOOMPa case of the previous section is 
included in the plot. This plot shows that the additional inertia forcing ftmction 
adds 3dB to the amount of sound radiated from the rib area when compared 
against the model with only stress information. Also, the minima between the 
side lobes of the rib peak actually decreased by 3dB. The addition of inertia 
changes to the model increased the peaks by 3dB and decreased the minima by 
SdB as well. 
The phase speed values for this model are shown in Figure 10.13. The 
general shape of the phase speed ciirve is similar to the phase speed curve from 
Figure 10.9 in the previous section. The addition of the inertia forcing term has 
reduced the incident phase speed at the rib location from 210m/s to 200m/s. The 
phase speeds of waves propagating far from the rib position were not affected by 
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Figure lO.ll.Inertia component of model output: (a) Frequency vs. position 
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Figure 10.13.Phase speed results from model with spatially varying inertia force 
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10.5. Wave*Based Model Conclusion 
The von K^rman wave equation model has correctly identified the effect of 
residual stress on the radiated soxmd field. Section 10.3 showed that decreasing 
the stress from SOOMPa to 2MPa reduced the radiated sound power by IdB to 
2dB, which matches the experimental findings. The rest of the modeling 
connection does not, however, recreate the two offset peaks that the measured 
data produced in the radiated sound field. But the symmetric power output 
aroiuid the rib was expected of this model since all of the different components 
are placed over the rib. And, they are all symmetric in nature. Since this model 
does not incorporate energy losses of any form, the sound levels around the rib 
location were on the order of lOdB higher than the measured data produced 
around the rib. This effect may also be a consequence of treating the different 
beam components as forcing functions in the Euler-Bemoulli wave equation and 
not solving the equation outright. 
This model did correctly produce the decrease in incident phase speed 
behind the rib that was seen in the measured data. However, it never showed the 
increases in incident phase speeds that the measured data showed before the rib 
location. Also, the measured data showed drastic phase speed changes due to the 
shaker input which none of the model phase speed results showed. 
Since each of the different components were solved independent of each 
other, the model assumes that the different contributions of each of the three 
solutions do not couple to each other. This assumption will inherently lead to 
discrepancies between the model results and the experimental results. Also, the 
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lack of an exact Fourier transform of the rib geometry increases model error. 
Since the analysis of the experiments concluded that the geometry of the rib and 
rib attachment are vital to the structural acoustics of the beam, any errors in the 
modeling of the geometry may not reproduce experimental results. 
The most important aspect that the desired model must produced is the 
shape of the radiated sound field around the rib. This was evident in every beam 
measurement made, yet all attempts at producing it with a wave-based model 
have not been successful. 
10.6. Phase Speed Supplement 
The Eviler-Bemoulli model as defined in this chapter should not have 
reproduced the phase speed changes that it did. This is because the model 
asstunes that the phase speeds remain constant over the length of the beam. The 
fact that the analysis of the model data showed phase speed changes questions 
whether the phase speed changes are real. 
The phase speed tracking method [4,5] generates a plot of frequency verses 
wave nimiber like the one shown in Figure 10.14 at each location on the beam. 
The thick black line represents the dominant propagating waves. The other 
curves represent waves generated by the scatter of the propagating wave due to a 
discontinuity such as the rib. The phase speed tracking algorithm must use a 
finite length of beam over which to search for the phase speed at one location on 
the beam [4]. A filter is multiplied against this finite length in the time and phase 
speed domain. 







Figure 10.14.Frequency vs. wave number plot showing sine function interaction 
with scattered waves 
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plot in Figure 10,14. This sine function is convolved with the data in the k-space 
and frequency domain [4]. This is where possible errors can occur. If the side 
lobes of the sine function are positioned exactly over one of the dispersive wave 
curves, the resultant multiplication may be larger than the main wave multiplied 
by the center lobe. This only becomes an issue when the scattered wave has a 
relatively high amplitude. Thus, the phase speed algorithm can retiam scattering 
wave information and not phase speed change information. However, scattering 
itself is an indication of phase speed change if waves of different phase speeds 
have nearly similar amplitudes. Theoretically, one wave speed should be 
dominant even with scatter. 
Since the wave-based model does not allow phase speed changes to occur, 
the phase speed graphs in this chapter indicate that the waves are highly 
scattered around the rib. This also means that the phase speed changes seen in 
the experimental data must be the result of scattering and phase speed changes. 
The two cannot be separated by the current phase speed tracking algorithm. 
Therefore, since the model produced decreases in the phase speed, this must be 
due to scattering only. Hence decreases in the phase speed's of the experimental 
data indicate scattering, and increases must indicate actual phase speed 
increases. 
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CHAPTER 11. ENERGY-BASED MODEL 
11.1. Introduction 
The inability of the wave-based model to correctly reproduce the radiated 
soimd power from the rib led to the development of a model constructed from an 
entirely different viewpoint. The model in this chapter is derived from the energy 
of the beam system. The motivation for the development of this model was that 
since an energy formulation makes no assvimptions of the wave speeds that this 
approach may give additional insight into the phase speed changes seen in the 
experimental measurements, and that perhaps it may produce the radiated 
sotmd power results. Neither of which were correctly identified using cturent 
wave-based models. 
11.2. Energy Equation 
The kinetic energy, T, of a beam is defined as 
where w(x,t) is the normal displacement of the beam, A(x) is the cross sectional 
area of the beam, p is the density, and the spatial variable, x, is measured along 
the length of the beam. The potential energy, U, of a beam is defined as 
where E is the modulus of elasticity, and J(x) is the area moment of inertia. The 




P = F{x,t)w{x,i) . (11.3) 
A system that has a total mechanical energy which is constant in time is called 
conservative. For a conservative system the equations of motion can be developed 
using Hamilton's principle. Hamilton's principle states that for a system imder 
the influence of conservative forces the time average of the difference between 
kinetic and potential energies will be a minimiim. This relationship is expressed 
as 
sf'(^-^/)^/^ = 0 . (11.4) 
•"'o 
If the forces are not conservative then the extended Hamilton's principle must be 
used [19], and equation 11.4 becomes 
bi\T-U + G)dt = Q , (11.5) 
•''o 
where G is the Hamiltonian expression for the force energy and is defined [19] as 
G = F . (11.6) 
Substituting equations 11.1,11.2, and 11.6 into equation 11.5 gives 
6j|'{ |j^pA(;r) £/(x) '^wix,t) dx + FoW(A:,r)|£fr =0 (11.7) 
(a) (b) (c) 
For the remainder of this discussion the displacement will be designated solely by 
w, time derivatives by w, and spatial derivatives by . 
The system can be perturbed by defining the displacement, w, in terms of 
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perturbation variables such that 
w = vf + eO , (11.8) 
where £ is some small perturbation constant, and O is defined in terms of a time 
function Ti(i) and a spatial function (|)(a:) by 
<D = r\mix) . (11.9) 
It is assumed that all variations must start and stop at the same point, however, 
between these two points any path is valid. Thus, since ti = Ti(i), then 
Tl(fo) = il(ij) = 0 for any perturbed path as shown in Figure 11.1. 
The time derivative of the displacement given in equation 11.8 then 
becomes 
w = H' + efi<t) > (11.10) 
and the second spatial derivative becomes 
w + eri(t) 
Figure 11.1. Perturbed displacement showing zero perturbation at to and tj 
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^xx = + • (11-11) 
Substituting the two above equations into part a of equation 11.7, gives 
^ t ^ + 2weTi(l) + (ef|(|)) dxdt (11.12) 
= f' p ^(^) + e (ii<l>) ^1 dxdt . (11.13) 
•"'o 0 
Using integration by parts on the integral, and letting e = 0 gives 
5 [a] = vvTil 'iir- f' pA(x)wr[^dxdt . (11.14) Jo "o JigJo 
Knowing Ti(io) = Ti(i2) = 0 reduces the equation further to 
5 [a] = -f  f pA(x)wr[^dxdt (11.15) 
"''o-'O 
Substituting the equations 11.10 and 11.11 into part b of equation 11.7, gives 
(11.16) 
=  E f ' K x )  [ w ^ M x x  +  e  ( ^ < l > x x )  •  < 1 1 - 1 7 )  
•''o 0 
Letting e = 0 reduces the equation to 
5 [ b ]  = \^^EJ{x)w^^r\(^^^dxdt . (11.18) 
Substituting the equations 11.10 and 11.11 into part c of equation 11.7, gives 
5[c] =-^f ' ' f  F{x,t) [w + eT\^] dxdt (11.19) 
ae-'to-'o 
= ^F{x,t){y\^)dxdt . (11.20) 
-''o-'o 
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Inserting equations 11.14, 11.16, and 11.17 into equation 11.7 gives 
J^'[pAU)wTi(l)]  + [£/Wh'^ti<|)J -  [F(xM^]}dxdt = 0 .  (11.21) 
Since this equation must be valid for all time intervals, the inside integral must 
be identically equal to zero. And, since ii=T^(t) it can be brought outside the spatial 
integrand and eliminated from the equation. Thus, the governing energy 
equation becomes 
{ [pAix)w<^] + - [F(A:,r)(()] } = 0 . (11.22) 
11.3. Galerkin's Method 
To improve the accuracy of a solution to equation 11.22, the method of 
weighted residuals will be utilized. This method involves two steps. The first step 
is to make an asstmiption about the displacement that will approximately satisfy 
the given differential equation and boundary conditions. Substituting this 
approximate displacement into the governing equation will produce some 
residual error. This error will be minimized. The second step is to setup the 
matrix system and solve the equation that results from the first step. The matrix 
system that will be used is similar to a finite element system where the beam will 
be broken up into discrete nodes, but instead of applying bovmdary conditions to 
some of the nodes, the boimdary conditions will be incorporated into the 
weighting functions that will be described below. 
Rewriting equation 11.22 simply as SHw) = 0, and approximating the 
displacement as 
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wCJC,?) = w(x,f) = ^ w.it)B^ix) , (11.23) 
i = 1 
where are the unknown displacements, and B^ix) are assumed spatial 
functions, produces the following state 
=> = (11.24) 
Here, ^is the residual error resulting from the approximation of the 
displacement. The m ftmctions B^ix) are generally chosen to satisfy the boundary 
conditions. The method of weighted residuals tries to determine the m imknowns 
in Wi(.t) such that ^is minimized. This is accomplished by forming a .weighted 
average of the error. The weighting terms, Cj, are chosen such that if 
J 5?(w) Ciix)dx = J 0iC.yx)dx = 0 , (11.25) 
L L 
then ^ = 0 in some sense, and vv(x,?) —> w{x,t). 
Galerkin's method involves the choice of the weighting functions, Q. 
Galerkin's method simply states that the weighting fimctions are chosen to be the 
same as the approximating functions, 
C.(x) = 5,.(x) . (11.26) 
Multiplying equation 11.22 by the weighting fimction, Biix), and letting (j) = Bi(x), 
produces the equation used to solve the beam problem 
- |2 
|p/i(A:)M>.(f) [5.(x)] ^  + El{x)wff) -  F{x,t) [5.(x)] ^\dx = Q (11.27) 
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11.4. Cubic Splines 
Equation 11.27 contains second order spatial derivatives. Thus, the 
weighting functions must be of at least third order. To this end cubic spline curves 
were chosen since they are of third order, vary smoothly, and their behavior is 
well known. Also, cubic splines can be easily adapted to meet certain boundary 
conditions. The cubic spline curve is defined so that it is centered over a given 
node where it has its largest amplitude of 4. It then smoothly decays to zero over 
a span of 2 nodes to either side of the center node as shown in Figure 11.2. Since 








X, 1+1 X X 1-3 
Figure 11.2. Cubic spline weighting function centered over node x. 
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functions will yield sparse system matrices in the discrete matrix element 
approach. The cubic splines, are defined 
5.W = ^ 
-3 
+  3 h ^ { x . _ ^ ^ - x )  + 3 h i x . _ ^ ^ - x ) ^  






where h = L/N, Xi = ih, and i = 1.. .iST is the number of node points along the length 
of the beam. 
11.5. Model Setup 
A finite element configuration was used to solve equation 11.27 with the 
weighting functions given in equation 11.28. The model was setup with 64 nodes 
along the length of the beam exactly as the experiment was designed. Since the 
purpose of this model is to identify the important phenomena in the center of the 
beam, free boundary conditions were used at both ends of the beam and the 
weighting functions did not have to be changed. The finite element model is given 
by the following matrix form 
M w  +  K w - F  =  Q  , (11.29) 
where M, K, and F are given by 
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• • • 
t^ABsB^dx t^^^Ndx 
(11.30) 
K = E 
I q ^ ^ I x x ^ I - X X ^  • • •  I Q ^ ^ U X ^ N X X ^  
f Jo ^ ^Sxx^lxx"^ 
f Jo ^^Nxx^lxx^ JQ J ^ N x x d ^  
(11.31) 
F = 








Note, the Xx)' has been left off of the functions for readability. Also note that since 
the weighting functions are non-zero over a span of only 5 nodes, the above 
matrices become highly banded along their diagonals. Fiirthermore, since the 
beam is excited at one location only, F(x) = FQ SCX-JCQ), FQ may be taken outside of 
the matrix F. 
Equation 11.29 was solved at different frequencies by assuming a time 
harmonic solution for the displacement 
w = . (11.33) 
Substituting this into equation 11.29 produced 
w (K-aM) -  F = 0 .  (11.34) 
The w(x,(Si) data was stored for processing identically as the experimental 
data was processed. Also, in the implementation of the model the stiffness matrix 
was adapted to include a small amount of damping, ^ = 0.01, by 
K = + . (11.35) 
This damping was added to more accurately match the conditions of the 
experiments since all real systems operate under some amoimt of damping. Also, 
this small amount of damping ensures that the system is bounded at the 
resonant frequencies. 
11.6. Model Results 
The model was run without a rib, and with two different rib geometries. 
Figure 11.3. The first case had no rib at all; i.e., a plain beam. The second case 
had the same rib geometry as was used in the wave-based model, which will be 
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7 
Plain Beam SmaURib TaURib 
Figure 11.3. DifTerent rib geometries used for energy-based model 
called the "small rib." And, the third case had a rib more similar to the 
experimental ribs, which will be called the "tall rib." The grey area in Figure 11.3 
indicates what part of the rib was modeled. The experimental rib geometry is 
indicated by the outline figure. Although the energy-based model does not assume 
that the thickness of the beam is uniformly thin, the plain beam and small rib 
cases were used simply for comparison. 
Since the model allowed free vibrations at both ends of the beam, the 
resxilting beam response was dominated by the resonant frequencies, and as a 
resialt the beam response from the model contained very little information from 
the non-resonant frequencies. The beam experiments had one end of the beam in 
sand that removed the reflections that would have otherwise produced the same 
resonant response. To de-emphasize the resonant information, the maximum 
frequency domain displacements, w(x,(Si), were normalized to an amplitude of one 
at every frequency. This way, all frequencies that were originally excited in the 
beam will contribute equally to the beam response. Although this method will 
144 
improve the modeling of non-resonant frequencies, it may reduce the accuraty of 
the resonant frequency in the model, since some of the resonant information 
should dominate the beam response. All results shown in this section include this 
frequency normalization scheme. 
The model was setup to match the experimental design as closely as 
possible. In the experimental setup the shaker was attached to the beams at 
position 13.75cm. The nodes in the model setup, however, were placed every 
2.5cm and the 13.75cm position fell between two nodes. Therefore, the shaker in 
the model had to be placed on either the node at 12.5cm or the node at 15cm, the 
node at the 15cm position v/as chosen. This 1.25cm difference between the model 
shaker peak and the experiment shaker peak is noticeable in the radiated power 
plots. The rib position, however, was determined solely by inertia and area 
equations and is located exactly in the same position in the model as it was on the 
experimental beams, regardless of the shaker position. This model setup 
produced the beam responses shown in Figure 11.4a and 11.4b for the frequency 
and time domains, respectively. Note, Figure 11.4a shows the frequency 
information from the model before all frequencies were normalized to unity. 
The radiated sound power from the energy model with the three different 
rib geometries is shown in Figure 11.5. Also included in the plot is the radiated 
sound power from the welded DF geometry rib. The amplitude of the shaker 
power output in the model results was normalized to 80dB, as was the case with 
the experimental results. 
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Figure 11.4. Beam response from energy model: (a) Frequency vs. position 
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Figure 11.5. Radiated sound power from energy model with three different ribs 
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based approach to the beam problem does reproduce the ofTset peaks that were 
seen in the experimental data. In fact, the large peak before the rib location is at 
the exact same location as the peaks that were seen in the experimental resiilts. 
However, the amplitude of this peak is 9dB less than the same peak in the 
experimental results for the tall rib case, and 16dB less for the small rib case. 
Despite the differences in the overall rib sizes, both rib geometries produced the 
offset peaks. 
Overall, the model produced much lower sound power levels than were 
created by the experimental beams. This can be seen by comparing the plain 
beam experimental case to the plain beam model case as shown in Figure 11.6. 
This plot indicates that even without a rib the model underestimates the soimd 
power that radiates from the beam. Despite this difference, the tall rib case of the 
model still produced an increase in the power compared to the plain beam case by 
the same amount seen in the experimental results. The peak before the rib is 
19dB higher than the plain beam in the experimental resiolts, and the tall rib 
case had a peak that is 18dB higher than the plain beam result from the model. 
Thus, the model is adding the right amount of sound for the rib, but, it 
underestimates the sound output from a plain beam. 
The incident phase speed results are shown in Figure 11.7, The plot shows 
that the incident phase speed values from the model were very similar to the 
experimental results from the beams with the welded DF geometry ribs. The 
model reproduced the very large phase speed increases aroimd the shaker that 
were seen experimentally. Also, the phase speed increases due to the rib began at 
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Figure 11.7. Incident phase speeds from different energy model cases 
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the same location in the model results as was found in the experimental results. 
The model also reproduced the phase speed values of locations on the beam that 
were not in the vicinity of either the shaker or the rib. 
The reflected phase speed restJts are shown in Figure 11.8. The model 
reproduced the phase speed increases for waves traveling in the reflected 
direction as well as it did with wave traveling in the incident direction. The model 
did, however, indicate phase increases arovmd the shaker position which were not 
seen in the experimental results. Also, the very large increases in reflected phase 
speed seen experimentally after the rib location were larger than those produced 
by the model. 
The fact that the energy-based model correctly reproduced the phase speed 
increases in both the incident and reflected directions is significant because it 
confirms the surprising experimental results. The waves are adjusting to the rib 
before they arrive at its position, and the changes are substantial. The fact that 
the model produced phase speed increases arovmd the shaker for waves 
propagating in the reflected direction indicates that the way the shaker force is 
modeled needs to be resolved. Also, lack of true sand boundary conditions in the 
model could be influencing this as well. 
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Figure 11.8. Reflected phase speeds from different energy model cases 
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CHAPTER 12. CONCLUSIONS 
12.1. Experimental Work Summary 
The first objective of the research was to establish a thorough data base of 
experimental measiirements that would concliosively define the effect of difierent 
rib attachment parameters on the overall structural acotistics of a beam. To this 
end, beams were manvifactured that contained ribs that were either built into the 
beam, or welded on to the beam. The weld fillets were later subjected to heat 
treating and machining processes. Separate beams were also manufactured that 
contained only welds and no rib. Beams were made of either steel or aluminiun. 
The structural response caused by the different rib attachments of these beams 
was analjrzed. Specifically, the effect of static stress changes, geometry changes, 
and material changes were therefore all investigated. 
Analysis of the experimental data indicated that the rib attachment affects 
the structural acoustics. Farfield soimd radiation from the beam and the phase 
speeds of propagating waves were the quantities used to investigate the influence 
of the rib attachment. Statistical analysis verified that the small measured 
changes are significant. 
Comparing the farfield soimd radiation revealed two attributes of the 
attachment that are significant. The first is the static stress induced in the rib by 
the weld fillets. The static stress in the fillets from the welding process increased 
the farfield sound radiation from the rib by IdB to 2dB. Furthermore, machining 
the weld fillets smooth increased the radiated soimd from the rib an additional 
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IdB to 3dB. The second important parameter is the geometry of the attachment. 
A rib attached with angular fillets radiated soimd that was IdB lower than a rib 
that had no angular fillets. 
The most important discovery was the distribution of the farfield sotmd 
radiation from the beam. Graphs of the farfield radiated soimd along the length 
of the beam showed a peak before the rib location and a peak after the rib 
location, but never a peak directly over the rib location. Also, the first peak was 
always much larger than the second peak. This indicates that the presence of the 
rib is felt by propagating waves before they get to the rib. Analysis of the radiated 
power for different time intervals revealed that the soimd generated by the rib 
was always due to a wave incident on the rib. This was also verified by 
calculating the energy of waves that contacted the rib with an analysis of 
reflection coefficients. 
Determination of the phase speeds of waves propagating through the beam 
showed that the rib and attachment affect the phase speeds of the waves. The 
phase speeds of waves propagating through the beam were increased in both the 
incident and reflected directions. Higher frequencies showed a higher percent 
increase in the phase speed when compared against the luiiform plain beam with 
no rib. Furthermore, waves traveling in the reflected direction showed a higher 
percent increase of the phase speed than waves traveling in the incident 
direction. 
12.2. Theoretical Work Summary 
The Euler-Bemoulli beam model was adapted to include the influence of 
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static stress and attachment geometry (weld fillets). This model was used to 
investigate the feasibility of adapting current beam models to include rib 
parameters. Analysis of the data produced from this model showed that the 
effects of static stress on the farfield sound radiation could be modeled using a 
first order pertvirbation of the von Karmdn addition to the Eviler-BemouUi beam 
equation. 
The model also produced data that indicated phase speed changes when 
analjrzed. Abasic foundation of the Euler-BemouUi wave equation is that 
propagating waves do not change phase speed and the analysis of the modeled 
data should not indicate phase speed changes. The fact that phase speed changes 
were seen in the modeled data indicates that the phase speed tracking algorithm 
must be interpreting scattering of the propagating waves by the rib as changes in 
the phase speed of the propagating waves. 
The effects of the scattering of bending waves in a beam must also be 
present in the experimental data to some degree. Since the model produced 
waves that decreased in phase speed around the rib, it can be assimied that this 
decrease is wholly due to scattering. Since the measured data indicated phase 
speed increases, it can be asstimed that the phase speed increases of the waves 
are greater than the offsetting decreases from the scattering effects. 
Since all the components of the Euler-Bemoulli model are symmetric, it 
cannot recreate the non-symmetric sotmd field from the measured data. 
Therefore an energy-based model was developed. The model was derived based 
on Hamilton's extended principle and GalerMn's method of weighted residuals. 
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The beam problem was solved at discrete nodes along the beam. The assimiption 
was made that the beam response could be accurately defined as the sum of cubic 
spline curves centered at each node. The boundary conditions of the beam were 
assumed free at both ends of the beam and were incorporated into the definition 
of the cubic spline ciirves. 
The data from the energy-based model did reproduce the exact position of 
the offset peak in the farfield soimd radiation that was seen in the measured 
data. This is significant since only the geometry and inertia information of the rib 
and attachment were included in the model definition, the stress information was 
not. This means that the rib joint geometry alone is the main parameter which 
creates the peak in the soimd power cvirve before the rib location and this 
information must be included in any rib models. This also implies that inertia 
changes due to the rib and its attachment need to be included. The presence of a 
rib cannot simply be defined as a point force and a point moment as is currently 
done in many models. The details of the size of the rib and attachment were 
crucial elements in the energy model. Traditional models do not include this 
information so they cannot reproduce the experimental results. 
The model silso had great success reproducing the phase speed changes of 
the bending waves that propagated through the measured beams. The model did 
show the large increases in phase speeds aroimd the shaker excitation point that 
were seen experimentally, as well as the increases seen experimentally around 
the rib. Thus, the energy-based model results confirm the surprising 
experimental phase speed changes. 
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12.3. Future Work 
The same experimental methods presented in this dissertation were used 
to investigate the effect of the rib attachment on the response of steel cylinders. 
The experimental data has been acquired, but the data has not been fully 
analyzed. The whole analysis of this data will provide valuable insight into how 
comparable the beam results are to a more complex structure like a cylinder. 
The phase speed changes seen in the experimental data were similar to the 
Euler-Bemoulli model results. This leads to the question of whether the phase 
speed changes were truly changes, or were due to scattering effects from the rib, 
or a combination of both. A conclusive study needs to be conducted on this issue, 
with both modeled and measured data. Other methods of estimating phase 
speeds should be attempted for comparison to the ciirrent resiolts. 
Future work should include fine timing the energy model by using the 
correct boimdary conditions for the sand. This may greatly increase the accuracy 
of the both the farfield soimd radiation and phase speed results. Currently, there 
is no well defined theory on how the sand should be modeled. Furthermore, the 
energy-based model is very sensitive to how the force from the shaker is defined. 
A more complete analysis of the model response for various force inputs will 
provide insight into how to model the shaker more accurately. By incorporating 
accurate sand conditions and shaker input, the exactness of the model can be 
investigated. Then, the model can be applied to more complex problems like 
shells. Only then can its true value be determined. An easy method of avoiding 
the boimdary condition issue is to model an beam that is long enough so that 
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reflections from the beam ends don't retxim in time to corrupt the model data. 
This method will of course use matrices that are larger than the 64x64 matrices 
used in this research. Matrices on the order of 256x256 or larger may accomplish 
this, but at substantial computation cost. 
Although the stress in this dissertation was modeled as having a simple 
Gaussian distribution, just how appropriate this approximation is remains 
unclear. Theories about stress distributions are still evolving, and better 
modeling of this phenomena may yield better model solutions. No static stress 
information was included in the energy-based model because it is unclear how the 
static stress changes the energy of a propagating wave. Any future revisions of 
the energy model should contain stress information. During the experimental 
analysis it was found that machining the weld fillets smooth caused significant 
changes to the radiated farfield sound. There is no inclusion of this in the energy 
model either since it appears to be related to the static stress problems described 
above. 
The success of the energy model can only be seen by extending it to the 
much more involved two and three dimensional problems, such as car doors, 
submarine hulls, and airplane wings. This would include two and three 
dimensional ribs, as well as two and three dimensional stress states. Although 
these higher dimensions are more complex, the basic information that needs to be 
incorporated in them has been established. 
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APPENDIX. ANOVA DEFINITION 
A one-way or one-factor ANOVA tests for variance among different groups 
of data that vary in only one characteristic. This is the statistical measure that 
will be used to validate the small changes seen in the experiments. 
The ANOVA assumes that there are a  independent groups of data, where 
within each group of data b measurements have been taken. The group means 
Xj, and the overall mean x can then be defined as 
= I J. "Jk ^ ^ Z S (A.4) 
ft = I it = 1 A: = 1 
where 
j = 1,2,...,a k = 1,2,...,b. (A.5) 
The variation between groups , and-lhe variation within groups , are defined 
as 
= X  ^ = X ^ • (A.6) 
jM jji 
Since the number of groups a, and the number of repetitions within each group b 
are small, the unbiased estimates of the variances given above must be used. 
Thus, we define these unbiased estimators as 
C = -7^- (A.7) 
"  a - l  a ( o - l )  
^2 If the different group means are not equal, we can expect to be greater 
than the true variance of an infinite population of experiments. Also, this 
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difference will become more pronoimced as the discrepancy between means 
~ 2 
increases. The quantity , however, can be expected to be equal to the infinite 
population variance regardless of the value of the means of a particular group. 
- 2 - 2 
Thus, if the value of 5^ /S^ is significantly large then there is significant 
difference between measurement groups. The ANOVA simply compares the value 
of this ratio, called an F-value, against a significance table based on probability 
density functions. An F-value of 1.0 indicates that the variance between different 
groups is very close to the variance between repetitions within the groups. F-
values larger than 1.0 indicate the differences are significant to some degree. 
The significance of a given F-value can be defined in terms of a probability 
density function. The probability density function is determined by the niimber of 
groups, and the number of repetitions within each group. To ensure that the 
significance of the differences between groups are valid, a high F-value is desired. 
Just how high depends on the percentile needed for confidence. A 99-percentile 
indicates that there is a 99% chance that the differences are valid, a 95-percentile 
indicates that there is a 95% chance that the differences are valid, and so on. For 
the research presented in this paper there were three beams made for every 
beam type. The different beam types were compared in groups of two or three. 
Figure A.1 shows how the percentile value increases with F-value for the 2-group 




3 Beam Sets 





70 20 30 60 40 
F-Value 
50 
Figure A.1. Percentile values for two and three groups, with three repetitions 
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